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Abstract 
The Biologically Engineered Single Sludge Treatment (BESST) system is a small 
package wastewater treatment plant, which is designed to reduce influent 
concentrations of ammoniacal nitrogen, biochemical oxygen demand and total 
suspended solids, to a standard fit for discharge into controlled waterways. This 
thesis examines the treatment performance of the BESST, while operating under 
steady state and disruptive conditions, and assesses the contribution of physico-
chemical and microbiological factors to treatment efficacy. The design of the 
BESST was based on principles of activated sludge processes, and comprised of an 
anoxic area, an aerobic area, and an upflow clarifier. In each area of the system, 
physico-chemical and microbiological profiles were distinct from the other areas. 
The influent delivered to the system was municipal sewage, delivered from the start 
of the wastewater treatment works within which the prototype BESST was located. 
The influent was generally high in concentrations of biochemical oxygen demand, 
and was highly variable in nature. At times, this was reflected in effluent quality, 
particularly when disruptive events were occurring, such as mechanical failure. 
However, good levels of reduction in concentrations of ammoniacal nitrogen, 
biochemical oxygen demand and total suspended solids were observed throughout 
the treatment period, and the system demonstrated a good level of robustness with 
regard to mechanical failure and experimental changes to sewage control 
parameters. Transformations of nitrogen and phosphorus were performed by 
bacteria in the biomass of the system, and were analysed throughout the sampling 
period by qualitative, culture based and molecular microbiological methods. 
Culture based techniques were shown to be a valuable monitoring tool, but were 
not representative of the actual community in the BESST. Molecular methods 
provided a higher resolution of microbial populations present during treatment, but 
it was not possible to correlate data obtained from culture based methodology with 
that obtained using molecular techniques. Enhanced phosphorus removal trials 
were performed during the study period, in order to facilitate the production of an 
effluent very low in concentrations of total phosphorus. The trial suggested that 
enhanced removal of phosphorus was possible in the BESST, and found the most 
dominant morphotype accumulating polyphosphate, to be that of filamentous 
bacteria. The study produced a large and complex dataset, which presented 
difficulties in the analysis of interactions between variables. Suggestions are 
presented to overcome such difficulties. The BESST is presented in this study as a 
package wastewater system which is able to successfully perform biological 
nutrient removal in a robust manner, the interrogation of which has led to a greater 
contribution to knowledge of small wastewater treatment systems and the reactive 
nature of the chemical and biological processes occurring within them. 
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1. Literature Review and Research Strategy 
1.1. Wastewater Treatment 
1.1.1. The Nature of Wastewater 
Wastewater is a term used to describe a complex mixture of wastes (Rickert & 
Hunter, 1970). Wastewater comprises all water discharged directly from domestic 
homes, industrial and agricultural business, road run-off, and any materials that 
may leak through damaged sewerage systems. Types of wastewater are classified 
broadly into two major groups. Domestic wastewater is removed directly from 
homes. Industrial wastewater, such as discharges from factories, and/or agricultural 
sources is referred to as ‘municipal’ wastewater when mixed with domestic 
wastewater (Hardman, 1993). 
Municipal wastewater is a complex mixture of natural and man-made organic and 
inorganic materials. It is dynamic in composition (LaPara et al., 2002), and changes 
in response to factors such as the weather and the diet of the local community 
(Henze & Ledin, 2001). For this reason, the monitoring of wastewater can be a 
complicated and inexhaustive process (Bourgeois et al., 2001). Untreated sewage 
typically contains a mixture largely comprising of water (99.9%), with faeces, food, 
grease, oils, plastics, salts, detergents, grit and bacterial cells (Gray, 1999). The aim 
of wastewater treatment is to remove the solid fraction as a manageable slurry 
(sludge), leaving an effluent fit for discharge into controlled waterways or 
subsequent treatment facilities (Sezgin et al., 1978). 
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1.1.2. The Need for Wastewater Treatment 
The discharge of untreated wastewater into seas or rivers can lead to disastrous and 
irreversible effects on water ecology, and may present serious health risks for the 
local human population (Seviour, 1999). Untreated wastewater contains high 
concentrations of biological nutrients such as nitrogen (present as organic nitrogen, 
ammoniacal nitrogen, and oxidised nitrogen) and phosphorus (present as 
phosphates). Nitrogen in domestic wastewater originates mainly from the faeces of 
the local human population, in particular from proteins, which are also rich in 
phosphorus. Most of the phosphorus, however, is contributed by detergents (Gray, 
1999). 
Increased levels of nitrogen and phosphorus in riverways and large bodies of water 
may lead to increased heterotrophic microbial growth, and a subsequent drop in 
oxygen levels. This affects all biota present, leads to the proliferation of species 
such as toxic cyanobacteria (Hardman et al., 1993), and continues until the nutrient 
supply (i.e. nitrogen and phosphorus) becomes limited. This phenomenon is known 
as eutrophication. Although eutrophication may drastically alter the ecology and 
function of a waterway, this process is dynamic and may be reversed (Hilton et al., 
2006). 
1.1.2.1. Wastewater Legislation 
In the UK, wastewater legislation is comprised of instructions under the Urban 
Wastewater Treatment Directive (UWWTD). In Europe, the more recently 
implemented European Water Framework Directive (WFD) is complied to and is 
discussed with regard to the nature of the project, and how it is executed. 
19 
 
The UWWTD 91/271/EEC was implemented in 1994. It requires mandatory 
biological nutrient removal for all towns above a population equivalent of 10000, 
and for all towns with a population equivalent of 2000 and above, which discharge 
into inland estuaries (Gray, 1999). 
The Environment Agency ensures adherence to the UWWTD by setting consent 
limits for any discharge flow covered by the UWWTD. These are in the form of 
limits of specified parameters including biochemical oxygen demand, chemical 
oxygen demand, and solids. For discharge flow discharging into ‘sensitive waters’, 
i.e. those sensitive to eutrophication, total nitrogen and total phosphorus are also 
monitored. Consent levels a method for maintaining minimum standards and 
constitute a legal contract between the EA and the discharging body (Johnstone, 
2003). Dischargers who do not fulfil the standards set by the EA are subject to 
prosecution and fines (http://www.environment- 
agency.gov.uk/business/regulation/31907 .aspx). 
The European WFD 2000/60/EEC is a major piece of legislation, adopted in 2000 
and concerned with water protection and management in the EU. It is under 
continuous review every six years, after which recommendations are made for the 
encouragement of a co-ordinated, multidisciplinary approach to the overall 
improvement of European waterways. The recommendations dictated by the WFD 
are based on the quality of aquatic ecology (Hering et al., 2010). Its ultimate aim is 
a pre-defined standard of every water body in every member state within 15 years 
(Kallis & Butler, 2001). 
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1.1.3. The Microbiology of Wastewater 
The microbiological content of sewage is highly variable. In a healthy individual, 
there may be as many as 109 bacterial cells present per gramme of faeces (Seviour, 
1999). Most of these bacteria are non-pathogenic commensal microorganisms. 
However, individuals carrying pathogenic (disease causing) microorganisms may 
shed them constantly during illness. Pathogenic microorganisms are therefore 
found in untreated sewage. As well as the microbial contribution made by humans, 
highly diverse groups of bacteria, which are able to degrade and modify naturally 
occurring compounds also exist in wastewater. The principles of wastewater 
treatment and biological nutrient removal (BNR) rely on the ability of 
microorganisms to utilise nitrogen, phosphorus and carbon within a controlled 
environment. Therefore, biological wastewater treatment systems are designed 
according to the requirements of these organisms, as opposed to the removal of 
pathogenic bacteria and viruses. 
To provide an appropriate habitat for encouraging growth of desirable 
microorganisms, some basic requirements of microbial nutrition must be addressed. 
In order to synthesise cellular material, microorganisms require a mixture of 
nutrients. If a particular nutrient is not provided in a suitable quantity, growth and 
metabolism will not occur. Microorganisms can utilise an extraordinary range of 
materials, but all require a source of carbon, hydrogen and oxygen. Microbes also 
need a source of electrons for use in chemical oxidation-reduction reactions, which 
occur within cells and provide energy to the microorganism (Prescott, 2005). 
Organisms can be classified as autotrophs, which use inorganic carbon (CO2) as an 
energy source, or heterotrophs, which use organic carbon. Most non-photosynthetic 
bacteria (i.e. bacteria that do not use light as a source of energy) can further be 
21 
 
classified as chemoheterotrophs, which utilise an organic electron donor and an 
organic carbon source (usually the same compound that provided the organic 
energy). Chemoautotrophs use an inorganic species as an electron donor, such as 
NO2- in the case of the nitrite oxidising bacteria (Brock, 1991). 
Similarly, different groups of bacteria have different requirements for oxygen. 
Again, these requirements can be classified quite broadly in the first instance. 
Aerobic bacteria require oxygen for respiration, and consequently, growth. Aerobic 
respiration produces a high energy yield, particularly when performed by 
heterotrophs. For this reason, many organic compounds are subject to degradation 
by aerobic heterotrophic bacteria (Sherr & Sherr, 2000). Anaerobic respiration is 
performed in the absence of oxygen, instead using oxidised substrates such as 
nitrate. These categories are not absolute and in many cases, bacteria can become 
facultative anaerobes or aerobes, and continue to grow by adjusting to immediate 
changes in levels of oxygen. However, some groups are obligate aerobes and 
anaerobes, and cannot adjust. There are further delineations, such as those microbes 
that are ‘microaerophilic’, and grow only in very specifically low levels of oxygen 
(Barrow, 1993). 
1.1.3.1. Microbial Diversity in Wastewater Treatment 
Wastewater contains a heterogeneous mixture of microorganisms, on an incredibly 
complex scale (Seviour, 1999). Microbes in wastewater can be sourced, as 
discussed, from human beings, industry and the natural environment. They can 
comprise bacteria, viruses, bacteriophage, fungi and algae. The bacteria alone may 
demonstrate a variety of metabolic characteristics, including those of heterotrophs, 
autotrophs, aerobic and anaerobic bacteria. Advances in the study of microbial 
ecology and diversity and very important to wastewater treatment, because the 
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design of these systems are largely based on empirical data (Wagner, 2005), despite 
mechanisms of treatment are very fundamentally grounded in microbiology. 
The term ‘community assembly’ is used to describe the microbial composition of a 
biological system, in this instance, with regard to range and quantity of different 
groups of microorganisms (Curtis et al., 2003). There are a variety of theories for 
elements contributing to community assembly generally (Tilman, 2004), in 
wastewater, as well as many other complex environments (Palacios et al., 2008). 
Many of these theories are based on the result of ‘contemporary interactions’ 
(Lindström & Langenheder, 2011) between microorganisms and their immediate 
environment, particularly with regard to competition to sources of energy. 
The prediction of microbially diverse systems is intricate, based on dynamic 
mathematical modeling and requires further theoretical and experimental 
elaboration (Curtis & Sloan, 2008), however, observations have been made which 
coincide with evaluations made in the field. For example, ‘functional redundancy’ 
describes a situation in which the more than one species of bacteria may be 
performing the same biochemical or metabolic function in order to prevent 
environmental failure should one functional species be removed. This has been 
observed in nitrifying species in wastewater (Rowan et al., 2003). 
The study of community dynamics represents the next level for the investigation of 
bacterial communities in wastewater treatment, which can only be supported with 
thorough understanding of all aspects of wastewater treatment systems – physical, 
chemical and biological. 
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1.2. Wastewater Treatment Systems 
1.2.1 Centralised Wastewater Treatment 
The removal of waste from dwelling places and its subsequent disposal is an 
essential requirement of high-density living. The Mesopotamian empire (3500-2500 
BC) is known to have installed sewerage systems which drained to cesspools in 
Babylon. Many historical landmarks in relation to wastewater treatment have been 
noted and celebrated, from the Cloaca Maxima central sewer system in Rome, to 
Dr. John Snow’s demonstration of the link between drinking water contaminated 
with sewage and cholera outbreaks (Cooper, 2002). 
Modern sewerage systems are complicated systems of pipes and pumps used to 
transport wastewater from a community to centralised treatment facilities. 
Centralised treatment works are usually located far from the source of wastewater 
generation, outside of major towns or cities, in order to prevent nuisance odours 
produced by sewage treatment becoming a problem for the local inhabitants. 
Centralised treatment systems are usually large enough to treat entire communities, 
but vary in size considerably. The Crossness Sewage Treatment Works in London 
treats a quantity of sewage the equivalent of twenty Olympic-sized swimming pools 
every hour, and is currently undergoing an upgrade in order to process 44 % more 
(Thames Water, 2001). Comparatively, the wastewater treatment facility in 
Petersfield, Hampshire, treats a population equivalent of only 20,000 people 
(personal communication, Southern Water, February 2011). 
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1.2.2. Wastewater Treatment Processes 
Wastewater treatment consists of a number of well established processes, detailed 
in Table 1.1. Different plants may alter the timing and sequence of stages according 
to the nature of treatment desired by operators. 
Table 1.1 Stages in Wastewater Treatment, modified from Gray (1999) 
Stage: Treatment: 
Preliminary Treatment • Removal of large materials and debris by screens. 
• Separation of grit 
• Flotation if required, removal of substances lighter 
than water/solids, e.g. fats and grease 
Primary Treatment • Sedimentation of fine solids, gravitational 
methods 
Secondary Treatment • Biologicial processes: 
• Fixed-film processes 
• Activated sludge 
Tertiary Treatment • Prolonged settlement –lagoons 
• Filtration 
• Disinfection if required 
Sludge Treatment • Stabilisation of by-products of above processes  
 
1.2.2.1. Control of Oxygen Availability 
Within a wastewater treatment system, different groups of bacteria, with different 
metabolic characteristics, perform different biochemical processes. For example, 
bacteria that oxidise ammonia and nitrite are aerobic autotrophic microorganisms 
(Kowalchuk et al., 2001). Denitrification, conversely, can be performed by 
anaerobic heterotrophic groups (Knowles, 1982). For this reason, it is necessary to 
create ‘zones’ in a system with varying levels of available oxygen. 
In wastewater treatment, the three general terms used for zones differentiated by 
levels of oxygenation are as follows: 
1. Aerobic: Zone in which air is actively introduced by aeration filters, pumps 
or mixing 
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2. Anoxic: Oxygen levels at 0 mg/L. Zone contains nitrates. 
3. Anaerobic: Oxygen levels at 0 mg/L. Zone does not contain nitrates. 
The restriction in levels of nitrates to zones becomes pertinent when considering 
the development of a biomass where denitrifying bacteria may become a 
competition threat, e.g. in enhanced biological phosphorus removal (Barker & 
Dold, 1996) 
1.2.2.2. Secondary Treatment 
The removal of nitrogen and phosphorus takes place during secondary treatment, 
and is mediated by biological processes. There are two main types of biological 
unit process in wastewater treatment, both involving the utilisation of a mixed 
community of bacteria; fixed-film processes and activated sludge (AS) processes 
(Badireddy et al., 2010). Fixed-film treatment processes require the development of 
a microbial biofilms on a solid medium. ‘Biofilm’ is a term used to describe an 
established community of mixed microorganisms, protozoa and in some cases, 
higher organisms. In fixed-film treatment, wastewater is directly applied to the 
biofilms covering the solid media (Choi et al., 2010). In this way, the developed 
microbial community comes into close contact with the wastewater but is itself 
static. In some treatment options, the media may be moved mechanically through 
the flow of wastewater, as happens with rotating biological contactors (RBCs). 
Fixed film treatment is usually aerobic but submerged filters may be used for 
denitrification and to treat more concentrated wastewaters (Fitch et al., 1998). A 
very common example of a static fixed film method is the trickle filter (Stams et 
al., 1997), in which wastewater is sprinkled constantly over a bed of fixed media up 
to two metres in depth. The wastewater passes through the media and trickles down 
to a central weir for effluent collection and discharge.  
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Fixed film and trickle filter treatment strategies are useful for wastewater flows that 
are intermittent and served largely by industrial processes, as they are able to 
withstand constant changes in loading and levels of toxicity that would damage the 
biomass in an AS system. They also use less water than suspended biomass 
treatments and require less energy expenditure. 
1.2.2.3. Activated Sludge Process 
AS processes rely on the development of dense microbial populations, which exist 
in suspension in the wastewater as discrete units known as ‘flocs’ (Jones & Schuler, 
2010). This is usually under constantly aerated and recycled conditions. Gray 
(1999) describes three mechanisms for the removal of organic matter in an 
activated sludge process: 
1. The adsorption and agglomeration of organic matter onto microbial flocs. 
2. The assimilation of organic matter into new bacterial cells. 
3. The mineralisation of organic matter by complete oxidation. 
The predominant mechanism required can be selected for by specific operational 
conditions in an AS system. This is a central theme of the control of such treatment 
facilities, and may be achieved by manipulation of aeration processes, recycling 
rates or sludge wasting rates. 
Activated sludge and other suspended growth systems depend on the development 
of a mixed community of bacteria able to bioflocculate, and therefore to aggregate 
into flocs (Larsen et al., 2008). Bacteria that are unable to settle in suspension as 
flocs will be washed from the system during the recycling and discharge of waste, 
which takes place at a specified rate. Flocs facilitate settling of solids in a system, 
which contributes to a concentrated sludge, that can be recycled in an AS process as 
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return activated sludge (RAS) (Uhte, 1976). Flocs may also be described as the 
bacterial powerhouses of activated sludge, and are visualised by microscopy as 
complicated 3D biofilms (Wilen et al., 2008). Oxygen and substrate gradients exist 
within flocs, and for this reason large numbers of bacterial groups can develop and 
flourish within these structures. This habitat heterogeneity leads to a structured 
microenvironment comprising of heterotrophic and autotrophic bacteria able to 
cycle nitrogen, phosphorus and carbon (Meyer et al., 2004; Mobarry et al., 1996). 
Because of their complex and dynamic nature, flocs can be used as diagnostic 
indicators of the efficiency and health of an operating system. Each system will 
display ‘healthy state’ and ‘unhealthy state’ flocs, and this can be determined by 
looking at factors such as colour, shape and settleability. Weak flocs have poor 
structural integrity inside the unit, and can disassociate within the bulk liquid of a 
system (Wilén et al., 2008). This can lead to the presence of high amounts of 
suspended solids in the final effluent of a system, and in extreme circumstances, 
biomass ‘washout’, whereby the useful biomass in a process is lost entirely during 
sludge wasting. Therefore, supernatant turbidity after the settling of suspended 
solids is regarded as a reliable indicator of dispersed biomass within a system 
(Morgan-Sagastume et al., 2007) and this principle is the basis of the sludge 
volume index (SVI) test. Flocculation is also important for clarification processes, 
and a stable, compact floc structure is necessary for successful clarification. 
The stability of flocs is affected by a variety of factors, and a great deal of research 
has been carried out to determine the effects that physico-chemical and microbial 
activity has (Zita & Hermansson, 1994; Wilen et al., 1999; Olofsson et al., 1998). 
Changes in physico-chemical conditions such as pH and ionic interaction strength 
can be brought about by factors affecting a system on a global basis, or may be 
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mediated by bacterial processes directly. Bacteria are known to produce substances 
and structures such as exopolysaccharide (EPS) and prosthecate appendages to 
facilitate aggregation (Badireddy et al., 2010).  
The term ‘sludge age’ refers to sludge retention time (SRT), which is the average 
time in days that microbial biomass stays within a system before being discharged. 
The control of sludge age in activated sludge processes is important, as it relates to 
the quantity of nutrients that the biomass is able to utilise and subsequently remove. 
Increased SRT results in older biomass in a system, and the higher the portion of 
microbial community that will be metabolically inactive. In particular, the biomass 
in the aerobic zone, which is referred to as the mixed liquor suspended solids 
(MLSS), is an important control parameter in activated sludge processes, and 
relates closely to aeration. SRT is also connected to recycling in a system, which 
refers to the transfer of wastewater throughout a system and the RAS, which is 
waste flow removed from one area of the system (e.g. the aerobic zone) and 
deposited in another (e.g. the anoxic zone). 
1.2.3. Multistage Treatment Processes 
Secondary treatment is generally applied by multistage treatment processes, which 
have all evolved from the first non-continuous designs for conventional activated 
sludge treatment. As requirements have increased, the engineering of these systems 
has grown more complex and systems such as packaged treatment plants and high 
rate advanced activated sludge treatment processes are widely installed and used 
(Parkinson & Tayler, 2003). 
Multistage treatment processes are designed to achieve and sustain high levels of 
nitrogen removal. Phosphorus removal units may be added after a robust nitrogen 
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removal system has been established, as factors selecting for phosphorus removal 
can have an inhibitory effect on nitrogen removal. Therefore starting the two 
processes simultaneously in one system can prove difficult (Lee et al., 2001). 
Nitrification is the first stage of nitrogen removal in wastewater treatment, and is an 
aerobic process because of the requirement for oxygen by autotrophic bacteria able 
to perform oxidation of amm N. These microorganisms are referred to as nitrifying 
bacteria. In order to sustain nitrification, active aeration is required and is provided 
in wastewater treatment systems in aerobic zones. Levels of dissolved oxygen (DO) 
in aerobic zones are critically important in treatment efficiency (Princic et al., 
1998). Nitrifying bacteria actively compete with heterotrophic bacteria for oxygen 
in aerobic zones, and this can have an effect on overall nitrogen removal rates 
(Okabe et al., 1995). 
1.2.3.1. Oxygen Availability and Nitrogen Removal 
In order to attain high levels of nitrogen removal and improve nitrification rates (by 
reducing competition for oxygen), aerobic zones can be combined with anoxic 
zones as seen in the Wuhrmann Process (Figure 1.1.). Anoxic zones encourage the 
microbially mediated process of denitrification. Denitrification is the second stage 
of nitrogen removal, and requires low to zero oxygen environments in order to take 
place. Combined nitrification and denitrification systems are usually designed on a 
single sludge principle, whereby the same biomass is shared between the 
nitrification and the denitrification stages. The biomass is then passed between 
aerobic and anoxic environments by mixing or by being cycled through a system.  
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Aerobic 2°
Anoxic
Clarifier
-- recycle --
Effluent
Sludge
Influent
Figure 1.1 Diagram of the Wuhrmann Process, during which wastewater is cycled through aerobic 
and anoxic zones to facilitate nitrification and denitrification. 
 
If the anoxic zone is placed before the aerobic zone in the treatment process, 
organic energy sources are used in the anoxic zone, which consequently reduces 
aerobic heterotrophic activity in the aerobic zone (Baeza et al., 2004). This reduces 
the competition for oxygen with nitrifying bacteria and so rates of nitrification 
improve. These anoxic zones are ‘primary anoxic zones’. Two main designs 
operate on this principle, the Ludzack-Ettinger Process (Figure 1.2.) (Ludzack & 
Ettinger, 1962), and the modified Ludzack-Ettinger (MLE) Process (Figure 1.3.) 
(Hafez et al., 2010). The Ludzack-Ettinger has back-mixing between the anoxic 
and aerobic zones, which are partially in contact, whereas the modified design 
promotes recycling between each zone which are compartmented and separate from 
each other. This prevents unstable process control resulting from crude mixing 
between the two zones, and rates of interaction between the two zones can be 
controlled (Gray, 1999). 
Aerobic1°
Anoxic
Clarifier
Effluent
Sludge
Influent
-- recycle --
-- mixing --
Figure 1.2 Diagram of the Ludzack-Ettinger Process, during which wastewater is mixed between 
aerobic and anoxic zones, which are in partially in contact 
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Aerobic1°
Anoxic
Clarifier
-- recycle --
Effluent
Sludge
Influent
-- recycle --
Figure 1.3 Diagram of the modified Ludzack-Ettinger Process, in which the aerobic and anoxic 
zones are separate, in order to control aerobic/anoxic mixing 
 
1.2.3.2. Upward Flow Clarifiers 
Upflow clarifiers are designed using the principles of sedimentation. Upflow 
clarifiers (Figure 1.4.) are able to achieve better separation of solids from the liquid 
portion of wastewater by mixing in the bottom of the clarifier, promoting 
flocculation, and leading to the development of a layer of suspended sludge, 
referred to as a ‘sludge blanket’. As the wastewater flows up through the clarifier 
and the sludge blanket, the solid fraction has greater opportunity to make contact 
with flocculated biomass and therefore aggregate to it, resulting in a clear layer of 
water at the top of the clarifier, which is subsequently discharged over a weir and 
leaves the system as the final effluent. 
In ‘v’ shaped clarifiers, the wastewater begins to rise more slowly the wider the 
clarifier becomes. Eventually, the wastewater moving up through the clarifier will 
slow down enough so that its speed is equal to that of the settling rate of the floc, 
and at this point in the clarifier, the sludge blanket forms (Ives, 1968). For this 
reason, the angle of the clarifier is important. If it is too wide, the sludge blanket 
will develop too low. If it is too acute, the sludge blanket will develop too high and 
overflow of solids into the discharge weir, and therefore the final effluent, will be 
evident. 
 Figure 1.4. Diagram to show p
the bottom of the clarifier and solids separate from the liquid fraction of the inflow according to 
sedimentation characteristics.
1.3. Nitrogen Removal in Wastewater Treatment
1.3.1. Nitrification 
Nitrogen is removed from wastewater via nitrification and denitrification as
the global nitrogen cycle, which is described by Figure 1.5. Nitrification involves 
the oxidation of ammonia to nitrate (aerobic process), and removal of nitrate by 
denitrification (anoxic process). Most older wastewater treatment processes are 
designed around requirements for nitrification and denitrification to take place. 
Newer systems that incorporate newly discovered microbial processes are usually 
combined with classic strategies as opposed to replacing the traditional approach 
entirely (Third et al., 2001).
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NO3 -
NH4 +
NO2 -Organic N N2 + N2O
Nitrification
Denitrification
AnammoxDissimilation and 
mineralisation
N2 fixation
Assimilatory nitrate 
reduction
Figure 1.5 Diagram to demonstrate stages of the Nitrogen Cycle (modified from Prescott et al., 
2005). Possible routes from ammoniacal ammonia to organic nitrogen are shown by different 
coloured arrows, each of which represents a transformation process. 
 
The breakdown of ammonia to nitrate is a compound reaction, and in its simplest 
form can be described as follows: 
NH3 → NO2- → NO3- 
 
Two groups of bacteria are responsible for this reaction; the ammonia oxidising 
bacteria (AOB) and the nitrite oxidising bacteria (NOB). The nitrification reaction 
consumes oxygen, and nitrifying bacteria therefore require oxygen for cell growth 
and the specific metabolic activity that results in the oxidation of ammonia to 
nitrate. Both the AOB and NOB are highly specialised, have slow growth rates and 
are inhibited and affected by a wide range of organic and inorganic substances 
(Siripong et al., 2006). These populations are considerably affected by 
environmental changes and the microbial composition of the immediate 
microenvironment surrounding them at any given time (Kindaichi et al., 2003). 
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Nitrifying bacteria can be particularly affected by low temperature and low pH. 
Nitrite and nitrate are acidic intermediates, which may lead to slow growth kinetics 
by pH-sensitive bacteria. For this reason, within an actively aerated system, an 
established biomass with a high sludge age is favourable for the continued growth 
and maintenance of a healthy community of nitrifying bacteria. 
 
The oxidation of ammonia to nitrite is a two-step process carried out by the AOB. 
The substrate for the reaction is ammonia, which is oxidised to hydroxylamine by 
the enzyme ammonia monooxygenase (AMO). AMO is located in the cytoplasmic 
membrane of AOB and is coded for by the AmoA gene – an important biomarker in 
the molecular survey of microbial ammonia-oxidising environments (Kowalchuk, 
2001). The simple reaction is: 
NH3 + O2 + 2[H] → NH2OH + H2O 
 
The cytoplasmic membrane is not permeable to the ammonium ion, and for this 
reason the ammonia to ammonium ratio in a system can have a direct impact on 
nitrification rates. The subsequent oxidation of hydroxylamine to nitrite is also 
believed to be a two-step reaction involving another membrane-bound enzyme 
(Bock et al., 1992): 
NH2OH + H2O → NO2- + 5H + 2e- 
 
The generation of hydroxylamine is the most energy-productive part of nitrification 
and is also important in the anammox reaction (Kuenen, 2008), which is discussed 
later in this section. The oxidation of hydroxylamine is catalysed by hydroxylamine 
reductase (HAO) and the gene which encodes for it (hao) is also, like the AmoA 
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gene, a widely applied biomarker in molecular studies. The hao gene has been 
characterised extensively for the ammonia oxidising bacterium Nitrosomonas 
europaea (Arp et al., 2002). The primary carbon source for both the AOB and NOB 
is carbon dioxide. No true heterotrophic growth by the AOB has been observed and 
recorded (Koops et al., 1991).  
While still a specialised group, the NOB are capable of metabolism and growth in a 
wider range of environments than the AOB. Nitrite is used by the NOB as an 
energy source, rather than ammonia and hydroxylamine. However, the oxidation of 
nitrite requires a comparatively large expenditure of energy, for every molecule of 
carbon dioxide fixed, one hundred molecules of nitrite requires oxidising (Bock et 
al., 1986). The simple equation for the oxidation of nitrite by the NOB is: 
2NO2- + O2 → 2NO3- + energy for cell growth 
 
Unlike the AOB, the NOB are not obligate autotrophs and are able to grow 
mixotrophically, and a number of strains of Nitrobacter, a prevalent genus of NOB 
in wastewater, are able to grow heterotrophically. However, when mixotrophic 
cultures are grown in the presence of nitrite, the oxidation of nitrite quickly 
replaces the metabolism of organic carbon substrates (Freitag and Bock, 1990). 
Both heterotrophic and mixotrophic growth is slow. The enzyme responsible for the 
catalysis of nitrite to nitrate is nitrite oxidoreductase, and the biochemical outcome 
is either total nitrite oxidation, or adenosine triphosphate (ATP) production for use 
during heterotrophic respiration (Kowalchuk, 2001). 
Nitrosomonas, initially thought to be the most prevalent genus of AOB in 
wastewater, has also been shown to denitrify aerobically (Bock, 1995; Remde and 
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Conrad, 1991; Schmidt and Bock, 1997). Nitrosomonas eutropha is able to convert 
nitrogen gas to nitrous oxide under anoxic conditions. Similarly, certain bacteria 
thought to thrive in entirely different aquatic habitats have been shown to be active 
in biological nutrient removal systems using molecular biology techniques. In 
1984, Woese demonstrated that two phylogentically different groups of AOB exist, 
with Nitrosococcus (gamma proteobacteria) thought to thrive primarily in 
freshwater and marine habitats, Nitrosospira (beta proteobacteria) and Nitrosolobus 
(beta) in soil, with Nitrosomonas being dominant in sewage. Upon analysis of the 
genetic composition of a community, several studies found that Nitrosomonas was 
not the dominating population and, in fact, Nitrosospira was. A similar situation 
was reported for Nitrobacter and Nitrospira in a variety of studies (Schramm et al., 
1998 and Juretschko et al., 1998). The information obtained about microbial 
communities involved in nitrogen removal is often conflicting. Studies report that 
the ratios of different genera of nitrogen-cycling bacteria is dependent on a number 
of factors, including the availability of substrate (Schramm et al., 1998 and Kim et 
al., 2006). Haseborg et al (2010) reported that the wastewater matrix has more of 
an impact on nitrifying organisms than external sources of inhibitors or toxins. 
These authors conclude that comprehensive studies require corroborated models, 
using installed, contextualised systems, running with real (not synthetic) 
wastewater. 
1.3.2. Denitrification 
Denitrification is a dissimilatory pathway performed as part of biological nutrient 
removal, during which nitrate is converted to other nitrogenous products by 
microbially mediated processes. Denitrification is a metabolically diverse and 
complex process and is recognised to occur under a wide range of operational 
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conditions (Knowles, 1982). Generally, alternative pathways appear to take place 
under conditions that also favour dissimilatory nitrate reduction (the pathway that 
has traditionally been focused upon), for example, nitrate ammonification (Bonin et 
al., 1996). 
Denitrification is performed by a vast range of bacteria, including some autotrophs 
(Knowles, 1982). Specifically regarding wastewater treatment, however, 
heterotrophic bacteria are thought to be largely responsible for denitrification. 
Arguably, denitrification in wastewater treatment has a greater potential to be 
adjusted using system control parameters than nitrification. Most bacteria capable 
of nitrate transformation are facultative anaerobes, and have a greater biochemical 
inclination to use oxygen as an electron acceptor. It is during the introduction of an 
oxygen deficient environment that the utilisation of nitrogenous compounds (such 
as nitrate) occurs. 
The chemical process for dissimilatory nitrate reduction can be described: 
      Nitrate reductase        Nitrite reductase           Nitric oxide reductase         Nitrous oxide reductase 
NO3- → NO2-   →    NO       →            N2O →            N2 
Each step is catalysed by a specific enzyme (detailed above arrows). Whereas a 
vast range of bacteria are able to perform denitrification, not all possess the 
enzymes necessary to complete the process entirely. For this reason, communities 
of bacteria are able to perform denitrification co-actively, particularly in activated 
sludge methods of wastewater treatment. Certain groups may use the intermediates 
produced by other groups during denitrification as substrate, and incomplete 
denitrification is common. Consequently, it is believed that the particular 
environmental parameters of a treatment process encourage the growth and 
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maintenance of specific groups of denitrifying bacteria, and this can affect the 
efficiency of a treatment system. 
 
Conventionally, denitrification in activated sludge systems has been regarded as 
being an anoxic process, whereby nitrate is reduced to nitrous oxide and gaseous 
nitrogen. However, the transformation of nitrate leads to a number of different 
outcomes depending on a variety of factors. For example, in the presence of low 
oxygen levels, nitrous oxide is produced instead of gaseous nitrogen (Baumann et 
al., 1996), and operationally, denitrification is believed to be inhibited by oxygen 
levels lower than 0.5 mg/L (Bryan, 1993, cited in Seviour, 1999). Aerobic 
denitrification has been reported (Halling-Sørenson, 1993) and is believed to be 
common in suspended biomass systems, where an aerobic/anoxic interface is 
possible in bacterial flocs. 
 
Simultaneous nitrification and denitrification is also thought to occur in suspended 
growth systems where an existing oxygen gradient is present. This is frequently 
found in biofilms in rotating contactors, trickling filters, fixed resins and 
established flocs in activated sludge reactors. Flocculant material in AS systems in 
particular represent a variety of types of biomass in a enclosed spatial arrangement. 
Heterogeneity of oxygen levels within this arrangement provides ideal conditions 
for a range of biochemical processes (Schramm et al., 1999). Floc development 
also increases heterogeneity of habitat, but increases the difficulty in differentiating 
between aerobic nitrifiers, anoxic nitrifiers, and some groups that may be able to 
use NO2- or NO3- as an electron acceptor, even in the presence of oxygen. In this 
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situation, nitrifiers are able to supply ‘true’ denitrifiers with their ideal substrate or 
electron acceptor, particularly in recycling systems. 
1.3.3. Archaeal Oxidation of Ammonia 
Until recently, archaea described in the literature were mostly believed to be 
extremophiles, such as the sulphur-metabolising thermophiles isolated from deep 
sea thermal vents. Such organisms are generally examined with culture-
independent methods due to their highly specialised nature – the physiological 
niche they inhabit and the difficulty presented in terms of collection and 
maintenance. Marine crenarchaeota are abundant in nature – Karner et al. (2001) 
calculated that there are up to 1028 cells in the planet’s oceans. The discovery of 
archaea able to perform autotrophic ammonia oxidation has had a large impact on 
the understanding of nitrogen cycling by microorganisms in the environment. 
Archaea have been found in wastewater treatment facilities in a number of roles, 
including as methanogens (Gray et al., 2002) and sulphur cyclers in industrial 
waste (Ghosh & Dam, 2009). Ammonia oxidising archaea (AOA) have been found 
in wastewater treatment facilities operating under suboxic, or recycled 
aerobic/anaerobic conditions and long SRTs (Park, 2006). Hallan et al. (2006) 
proposed that the process of aerobic oxidation in archaea proceeds in a different 
manner to that of AOB, after being unable to identify any hydroxylamine 
oxidoreductase homologues in cultures of AOA. However, three subunits of the 
archaeal AMO enzyme have been identified, using molecular techniques, in 
wastewater treatment bioreactors (Park et al., 2006). 
Interactions between newly characterised groups of microbes and the AOB warrant 
further investigation (Erguder et al., 2009). For example, AOA are competing with 
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denitrifiers and ammonia oxidising bacteria in some environments. These 
populations all produce common products and substrates that other microbes may 
rely on. In some cases, the same enzyme complexes may be shared. Haseborg 
(2010a) reported the presence of archaea in wastewater in similar amounts to that of 
AOB. Increasing amounts of ammonia led to a rise in bacterial populations, while 
the archaeal population remained the same. Lam et al. (2007) highlighted the 
importance of detailing the relationship, particularly between AOA and ‘anammox’ 
bacteria, which perform anaerobic oxidation of ammonia and are discussed in 
section 1.3.4. An obvious issue is the possible relationship between AOA and 
NOB, and if any archaeal groups may be responsible, too, for the oxidation of 
nitrite (You et al., 2009). Francis (2007) hypothesised that if 1028 marine 
crenarchaeal cells are capable of ammonia oxidation, then there must be a large 
population of metabolically-active, nitrite-oxidising cells closely associated with 
them. 
Prosser & Nicol (2008) highlighted the need for a re-assessment of the microbial 
mediation of ammonia oxidation in order to establish and compare the contribution 
to the process by AOA and AOB. The AOA appear to be highly abundant in the 
environment, possibly more so than AOB, and this has implications for the nitrogen 
cycle too.  
1.3.4. Anaerobic Ammonia Oxidation (Anammox) 
The process of anaerobic ammonia oxidation (Anammox) was discovered in a 
denitrifying pilot plant in the 1990s, after a drop in levels of ammonia and nitrite 
was noted alongside an increase in the production of nitrogen (Kuenen, 2008). The 
mechanism was confirmed as: 
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NH4 + + NO2-  → N2  + H2O 
Anammox allows for complete conversion of ammonia without the presence of any 
source of organic carbon, as does nitrification. However, anammox is performed 
under totally anaerobic conditions. For this reason, anammox is highly applicable to 
the removal of ammonia in wastewater treatment, particularly waste streams high in 
ammonia and low in organic material. This is because denitrification is difficult to 
achieve in wastewater of this nature, due to denitrification being a largely 
heterotrophic microbial process in treatment systems. 
Subsequent to its discovery and as a result of a concerted effort by a number of 
research groups, the presence of the anammox process was confirmed in other 
wastewater treatment facilities, marine and freshwater habitats. The organism 
responsible for anammox was characterised as being a planctomycete (Strous et al., 
1999), and its presence was confirmed in anammox-performing habitats with the 
use of Fluorescence In Situ Hybridisation (FISH), a technique in which a specific 
gene is labelled with a probe allowing for direct viewing of the presence of the gene 
in a mixed community (Jetten et al., 1999). 
In order for anammox to take place in a wastewater treatment system, a constant 
supply of nitrite is required. This means partial nitrification is important to 
successful treatment of wastewater using the anammox process. There are two 
reactor designs in common use, either a ‘one-reactor’ system or a ‘two-reactor’ 
system (Paredes et al., 2007). The one-reactor system is reliant on the development 
of a biofilm containing both anammox and nitrifying microorganisms. On the 
aerobic outer layer of the biofilms, nitrifying organisms produce nitrite, which is 
subsequently utilised by anammox planctomycetes inside the biofilms, which is an 
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anoxic environment. In a two-reactor system, partial nitrification takes place in the 
first stage of treatment in an aerobic unit, and the nitrite produced is cycled to the 
second unit, which is anoxic and where anammox takes place (Okabe et al., 2011). 
The full extent of contribution by anammox to the wastewater treatment process is 
uncharacterised. For example, Candidatus Kuenenia stuttgartiensis has been shown 
to be capable of dissimilatory reduction of ammonia (Francis et al., 2007). 
Therefore K.stuttgartiensis may be providing amm N to the anammox process, but 
it being masked during monitoring by heterotrophic denitrification. In this manner, 
anammox may be contributing to the cycling of nitrogen in a system more than 
originally thought. 
1.4. Phosphorus Cycling in Wastewater Treatment  
The biological removal of phosphorus in wastewater treatment is not as controllable 
or characterised as nitrogen removal (Oehmen et al., 2006). Phosphorus removal in 
wastewater treatment is difficult to sustain, varies from system to system, and is 
challenging to study representatively. Phosphorus removal in small wastewater 
treatment systems is hard to achieve at consistent rates. The microbial ecology 
responsible for phosphorus cycling in a system is not easy to manipulate and 
maintain in large established processes - in a highly changeable smaller system 
these problems are compounded (Seviour et al., 2008). 
Municipal sewage contains approximately 10 mg/L of phosphorus, and its principal 
forms are organically bound phosphorus, polyphosphates and orthophosphates 
(Hardman et al., 1993). Through biological decomposition or hydrolysis, both 
organically bound phosphorus and polyphosphates can be converted into 
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orthophosphates. Phosphates consist of negative ions, which may bind chemically 
to cations – PO43-, HPO42- and H2PO4-.  
There are two broadly applied methods for achieving phosphorus removal in 
biological nutrient removal systems. The first, chemical phosphorus removal, 
involves the precipitation of phosphorus from a body of liquid by application of 
ferric salts or other precipitating chemicals to a system (Seviour & Blackall, 1999). 
The second is the uptake of phosphorus into bacterial cells, and removal of the cells 
in wasted sludge from the system. This is referred to as biological removal of 
phosphorus. 
1.4.1. Chemical Phosphorus Removal 
Chemical precipitation is a proven method (Barth et al., 1968) and is often treated 
as the first step when a particularly low level of phosphorus is required in the final 
effluent (Morse et al., 1998), however, this method has a number of drawbacks. 
The application of additional chemicals can itself have a detrimental effect on the 
quality of a discharged effluent, and mistakes or process breakdown can result in 
high levels of chemical being discharged. Chemical dosing can also have an 
accumulative negative effect on important microbial communities (Liu et al., 2011, 
Oikonomidis et al., 2010). Chemical dosing also produces larger amounts of sludge 
(Morse et al., 1998) which then requires additional treatment at an extra cost. Initial 
outlay is also high, as many of these chemicals are expensive to buy in bulk (Clark 
et al., 1997). 
At slightly acidic pH levels, orthophosphates combine with tri-valent iron or 
aluminium cations to form insoluble precipitates (Gutierrez et al., 2010). Iron salts 
are the most popular method for chemical precipitation of solids, and have been 
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shown to have a positive effect on flocculation and settleability in BNR systems 
(Oikonomidis et al., 2010). 
1.4.2. Biological Phosphorus Removal 
Biologically-mediated phosphorus removal is encouraged with modified activated 
sludge processes which encourage the biomass in a system to accumulate and 
release species of phosphorus at appropriate times. This strategy is known as 
enhanced biological phosphorus removal (EBPR) (Rittman et al., 2011). Achieving 
low levels of total phosphorus in the final effluent in this manner is, however, 
inconsistent, and this is a limitation of biologically mediated processes for the 
removal of phosphorus (Bond et al., 1995). 
Treatment plants specifically built to remove phosphorus and phosphates have only 
been consistently introduced in the last forty years (Seviour et al., 2003). As with 
nitrogen removal, the conditions within any system designed to remove a particular 
group of nutrients are highly specific. A wide range of external factors can affect 
treatment efficiency, particularly in small systems built above ground or without 
adequate insulation. Many of the EBPR plant designs which have been installed 
exist and perform without comprehensive knowledge of the biochemistry and 
microbial metabolic processes utilised. A better understanding of the biological 
foundation of the process could lead to more reliable treatment strategies for the 
biological removal of phosphorus from wastewater. 
1.4.3. The Microbiology of EBPR 
EBPR relies on microorganisms which possess the generic phenotype for the 
biochemical response to ‘feast or famine’, and within the context of biologically 
mediated total phosphorus removal are known as polyphosphate accumulating 
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organisms (PAOs) (Oehmen et al., 2006). For a long time, researchers believed that 
specific groups of organisms performed EBPR. This information was largely 
acquired from microorganisms cultured in the laboratory from systems showing 
good results for EBPR. It is now evident that a wide range of bacteria are capable 
of phosphate accumulation in wastewater (Gebremariam et al., 2011), and that the 
immediate environmental/chemical conditions available to an organism are 
possibly more relevant to a desired outcome than the species of said organism 
(Brdjanovic et al., 1997). In this way, parallels may be drawn between the 
biological processes of EBPR and denitrification (Ahmed et al., 2008). 
Zhou et al (2008) showed successfully that it was possible to switch the phenotype 
of a PAO to that of a glycogen accumulating organism (GAO) by altering the feed 
conditions of a closed system. This was an important discovery, as GAOs are a 
group of bacteria that have been characterised only as a result of their detrimental 
effect on biological phosphorus removal in wastewater treatment systems. Because 
of these biochemical ambiguities, it has been suggested that the name 
‘polyphosphate accumulating organism’ be applied to any organism possessing a 
defined phenotype for EBPR, while having been shown to be performing EBPR 
(Seviour et al., 2008). As such, many new candidates for PAOs have been 
suggested (Spring et al., 2005; Zhang et al., 2003). The parameters that encourage 
optimal EBPR vary from system to system. Important factors include the levels of 
cations in a system, specifically magnesium and calcium. The two are believed to 
be particularly relevant, and important in the stabilisation of polyphosphate chains 
(Mulkerrins et al., 2004). A study by Panswad et al. (2003) found a number of 
PAOs to be mesophilic and psychrophilic, and metabolically active at 20°C. 
However, other studies have shown that the effect of temperature on EBPR is 
46 
 
inconclusive (Baetens et al., 1999, Ydstebø et al., 2000). Ideal values for chemical 
oxygen demand (COD), pH and DO levels have all been proposed in the literature 
(Liu et al., 2007), however, variation in optimal conditions are still observed 
between separate systems. 
The current biochemical rationale for EBPR is represented by Figure 1.6. The 
process begins in the anoxic zone of a treatment system (Morse, et al., 1998). 
Previously, a major factor in the efficiency of EBPR was thought to be the level of 
nitrates in the anoxic zone – enough so that the PAOs are not overwhelmed by 
denitrifying organisms competing for a source of nitrate (Hu et al., 2002). 
Consequently, designs began to include anaerobic selectors (Oehmen, et al., 2007).  
PAOs are able to assimilate and store carbon sources from volatile fatty acids 
(VFAs) anaerobically in a zero oxygen environment. VFAs may be made 
accessible as a metabolic product from other bacteria, or introduced artificially as 
part of a ‘dosing’ strategy. VFAs are stored in the cells of PAOs as poly-β-
hydroxyalkanoates (PHAs), using polyphosphate (which is very commonly present 
in bacterial cells as a storage reserve) as an energy source and glycogen as a source 
of reducing power (Li et al., 2007). The composition of PHAs within a cell is 
dependent on which VFA they were derived from – for example, if dosed with 
acetate, the resultant PHA will be polyhydroxybutyrate (Chen et al., 2004). 
When the cells are cycled through the system to an aerobic zone, the PHA is 
respired aerobically to provide the energy required to assimilate polyphosphate and 
replenish glycogen reserves. For this reason, bacterial populations able to respire 
PHAs aerobically are thought to be important in such a system (Ahn et al., 2007). 
During this process, levels of PHA in the biomass drop, as does the level of 
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orthophosphate (PO4-) stored in the bulk liquid of the aerated area, and an increase 
in biomass polyphosphate (polyP) levels, which may be up to 15% of the biomass 
dry weight (Bond et al., 1999). Although most bacterial cells usually contain a 
certain amount of polyphosphate as a storage polymer, this suggests that polyP 
plays a vital role in the metabolism of these microorganisms. 
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Figure 1.6 The biochemical rationale for EBPR in wastewater treatment systems. In an anaerobic or 
anoxic environment, volatile fatty acids (VFAs) are taken up by cells and utilised as 
polyhydroxyalkanoates. This is associated with the release of polyphosphate, which is present in 
wastewater as orthophosphate. In an aerobic environment, phosphorus is accumulated within 
bacterial cells as polyphosphate by polyphosphate accumulating organisms (PAOs) and denitrifying 
polyphosphate accumulating organisms (DnPAOs). DnPAOs use nitrite or nitrate as a final electron 
acceptor, whereas PAOs and GAOs use oxygen. However, unlike PAOs, GAOs do not perform 
luxury uptake of polyphosphate. 
 
Many environmental scientists believe that glycogen has a major role in the process 
of EBPR. It regulates anaerobic respiration and some believe that the accumulation 
of glycogen is a limiting factor of enhanced uptake (Mino et al., 1998). GAOs are 
believed to present a competitive threat to PAOs, as they accumulate VFAs more 
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efficiently in an anaerobic environment (Seviour, 2003) but do not ultimately 
accumulate phosphorus and subsequently do not contribute to its removal from a 
system. The presence of these organisms in systems performing EBPR (Seviour et 
al., 2000; Oehmen et al., 2005) is an important factor in the microbial ecology of 
EBPR. 
PAOs are extremely difficult to culture in the laboratory (Peterson et al., 2008), and 
if successful PAOs often behave very differently in the laboratory in comparison to 
their environment, and studies using synthetic sewage are likely to yield entirely 
non-representative results. Improved molecular methodology has made it possible 
to directly extract genetic information from an environment and analyse it in such a 
way as to be able to fingerprint a community (Nielsen et al., 2010). PAOs and 
GAOs are excellent examples of a phenotypic group of microorganisms that can be 
studied without cultivation. 
Many species of bacteria are capable of accumulating polyphosphates from an 
external source of phosphorus. They include some species associated with foaming 
and bulking problems , including Microthrix parvicella and Nostocoida limicola 
(Seviour et al., 1993). Dominant PAOs are generally identifiable in every system, 
however, microbial communities remain highly changeable both between and 
within EBPR systems. 
1.5. Decentralised (package) Systems 
1.5.1. Use of Decentralised and Satellite Treatment Systems 
Centralised wastewater treatment systems have been in use since the 1800s, but the 
massive expansion of many urban centres and cities has led to the overloading of 
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large wastewater treatment plants (Metcalf & Eddy, 2003). In the future, it is 
expected that water utility companies, private homes and commercial, industrial 
and agricultural businesses will rely heavily on package and satellite treatment 
systems (Randall, 2003). Package systems in the UK and Ireland now are typically 
used for treatment of waste generated by isolated commercial, industrial or 
agricultural businesses, but, as urban expansion continues and overloading 
increases, package systems will be a valid and attractive alternative for use by 
single homes or housing developments. 
Centralised systems may also be supported by ‘satellite’ treatment processes, which 
may reduce pressure on the main treatment capacity. Decentralised and satellite 
systems are usually located very close to, or on, the same site where the waste is 
generated, and therefore require fewer waste transportation strategies. 
Decentralised, or ‘package’ systems are usually owned privately, cost less to install 
and run and are generally not linked to a centralised wastewater treatment plant 
(Crites & Tchobanoglous, 1998). Package systems are capable of high levels of 
secondary treatment, working to stringent discharge levels. Many package systems 
are designed and built based on the principles of multistage wastewater treatment.  
Comparatively, satellite plants are designed to reduce the load on centralised 
treatment facilities and therefore do not tend to have any solids processing 
facilities. Across the world, billions of people lack access to safe, potable water, 
and satellite systems are currently being used as strategies for water reclamation 
and reuse (Massoud et al., 2009), with a view to eventual adoption of widespread 
use for the production of potable water in developing countries (Gikas & 
Tchobanoglous, 2009). 
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1.5.2. The Study of Decentralised Systems 
Information regarding the biological aspects of package wastewater treatment 
systems is sparse, as these systems are often analysed academically in terms of 
sustainability, economic and social factors (Hellström et al., 2003). Such systems 
are monitored to assess efficiency, however, this tends to be on the basis of 
minimal required effluent quality (Balkema et al., 2002), and not as a 
comprehensive study of processes within the treatment unit. 
The treatment of wastewater using smaller systems offers inherent problems, 
combined with the general issues associated with larger systems. Primarily, a 
system with a smaller footprint offers less of a ‘buffer’ for environmental factors 
such as temperature (which can affect microbial communities), and loading 
pressures, such as unstable flow (which can affect development of biomass) or 
toxic loads (which can kill or severely disrupt biomass). Sewage control 
parameters, such as dissolved oxygen (DO) or hydraulic loading, have a greater 
‘cause and effect’ impact on a smaller system than a larger one (Lindsay, 2004). 
Because of these features, the microenvironment that develops in a small, package 
system, has the potential to encourage the growth of a completely different 
microbial community to that of a large scale, multi-stage operation. As a result of 
the complexities associated with controlling a small package system, physic 
chemical and microbial variables within a system are highly changeable, and the 
study of such a system offers insight into a range of chemical and microbiological 
processes. 
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1.5.3. The Biologically Engineered Single Sludge Treatment (BESST) System 
1.5.3.1. System Design 
The Biologically Engineered Single Sludge Treatment (BESST) process was 
designed in the U.S.A. for the simultaneous removal of biochemical oxygen 
demand (BOD), total suspended solids (TSS) and nitrogen from municipal 
wastewater. The system is supplied as a self-contained unit and after installation 
requires little to no operator intervention. The BESST had been received favourably 
by customers in the US, although no investigations had been reported for a 
commissioned system before this study. As such, the biological mechanisms 
responsible for wastewater treatment in the BESST remain uncharacterised. 
The process has a number of marketable features. It is designed to reach a steady 
operational state quickly, within three to four weeks. All system parts within the 
self-contained tank can be easily maintained. As the BESST is a single system it 
has a smaller carbon footprint and a smaller capital cost than larger, older treatment 
works. 
Aerobic1°
Anoxic
Clarifier
Effluent
Sludge
Influent
-- recycle --
Figure 1.7 The Biologically Engineered Single SludgeTreatment (BESST) system. Influent enters 
the anoxic zone and is cycled through the system via the aerobic zone and clarifier. 
 
1.5.3.2. System Process 
The BESST located at the University of Portsmouth Petersfield Centre for 
Environmental Technology station site is a patented prototype. The arrangement of 
 the system is largely based on alterations to the MLE design, whereby nitrified 
mixed liquor is recycled to the anoxic zone an
BESST is designed on the basis of activated sludge principle and some aspects of 
anoxic process enhancement. The system also includes an upflow clarification 
system to enhance nitrification and denitrification performa
experimental unit comprises an anoxic selector, an aerobic zone and an upflow 
sludge blanket clarifier.
Major processes carried out in the system are detailed in Table 1.2 and a diagram of 
the structure of the BESST is provided 
for application to population equivalents of 100 to 1500 (see BESST brochure, 
Appendix C).  
Figure 1.8 Internal structure of the BESST
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in Figure 1.8. The BESST can be designed 
, including position of sampling points
 The 
 
 
 Table 1.2 Major processes within the BESST
Process 
Nitrification/Denitrification 
(biological) 
Phosphorus removal 
(biological/chemical/physical)
Solid removal 
BOD removal 
 
The unit was fed with untreated municipal sewage, which entered directly into the 
anoxic zone (Figure 1.9). The
(RAS), which was settled solids taken from the base of the clarifier and delivered 
back into the anoxic zone via an airlift pump. Mechanical mixing occured in the 
anoxic zone, which 
Figure 1.9 The movement of wastewater through the BESST. Arrows denote the flow of wastewater 
through the system, and the anoxic zone, aerobic zone and clarifier are labeled.
 
From the anoxic zone, the liquid enters the aerobic zone compartment and passes 
on to the clarifier where the biomass from the MLSS settles, and the final effluent 
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Identified by Area of BESST
Total N/Ammoniacal 
nitrogen removal 
Aerobic/anoxic
 
Total P removal, 
accumulation of polyP 
in cells, increased 
orthophosphate in 
anoxic zone 
Aerobic/anoxic
Low suspended solids 
in effluent after settling 
Clarifier
Low BOD in effluent 
after settling 
Clarifier
 anoxic zone was also fed with return activated sludge 
ensured homogeneity. 
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discharges from a weir at the top of the clarifier. The final effluent is regarded as 
any liquid above the sludge blanket in the clarifier. 
1.6. Research Strategy 
1.6.1. Research Rationale 
Wastewater is collected from homes, industry, and agriculture, and is a complex 
mixture of organic and inorganic wastes. Wastewater requires treatment to reduce 
quantities of solids and nutrients before it can be discharged into the environment, 
where high levels of nitrogen and phosphorus can lead to eutrophication in 
controlled waters. This is a crucial, global, aspect of protecting the aquatic 
environment. 
Community wastewater is usually treated by large, centralized wastewater 
treatment works, away from centres of population. Wastewater is delivered via a 
sewerage network. Communities which are not located near sewerage networks, 
small businesses which require some level of pretreatment of waste, or water 
utilities which require satellite technology may install smaller systems, which 
operate separately from centralized wastewater treatment works. These smaller 
systems are increasingly becoming more in demand, as larger wastewater works 
become overloaded, and communities are extending further from population 
centres. 
Concentrations of solids, biochemical oxygen demand, nitrogen and phosphorus are 
reduced by chemical and biological transformation. These are encouraged to take 
place in wastewater treatment works by specifically engineered conditions. 
However, the environments under which these transformations take place 
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efficiently are different for each system, which are not generally subject to 
extended monitoring and study. 
Different types of wastewater treatment technology are used for biological nutrient 
removal, one of which is activated sludge – a suspended growth process. The 
activated sludge model depends on the development of useful bacteria, and the 
engineered conditions under which this developed biomass is retained. These 
bacteria grow in structures known as ‘flocs’ in the aerobic areas of wastewater 
treatment systems. Flocs are an important component of activated sludge systems, 
and can be used to visually assess the health of a treatment unit. Activated sludge 
systems, however, are sensitive to disruption by mechanical and chemical failure, 
because sustained analysis regarding microbial activity and the physico-chemical 
environment, is generally not performed by industry operators of these systems, and 
so is poorly understood from system to system. 
Nitrogen removal in activated sludge is performed by nitrifying and denitrifying 
populations of bacteria. Recently, other groups of microorganisms have been 
implicated in the global nitrogen cycle, – ammonia oxidising archaea and anammox 
planctomycetes. They are not well characterised in wastewater treatment. However, 
ammonia oxidising bacteria, such as Nitrosomonas, and nitrite oxidising bacteria, 
such a Nitrobacter, are known to be ubiquitous and metabolically active in 
wastewater treatment. Bacterial community composition, and contribution of 
bacterial metabolism to treatment of wastewater, is unique to each wastewater 
treatment system. This is because of the diverse and reactive nature of mixed 
microbial communities in defined environments. A further understanding of the 
influence of population dynamics in activated sludge processes is required to 
further understand the entire treatment process. 
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Phosphorus removal is achieved in wastewater treatment in two ways. Chemical 
precipitation of phosphorus by the addition of ferric salts is well characterised, but 
can be expensive and lead to high sludge volumes. Biological phosphorus removal 
involves the manipulation of environmental conditions within a system, in order to 
encourage the luxury uptake of polyphosphate by microorganisms. This is usually 
done by the dosing of an additional carbon source in the anoxic area of a system, 
particularly volatile fatty acids. Biological phosphorus removal is therefore referred 
to as enhanced biological phosphorus removal (EBPR), and is able to achieve very 
low quantities of effluent phosphorus. However, the biological mechanisms by 
which this occurs are poorly understood and appear to differ considerably between 
systems. Often, startup of EBPR in a system has negative effects on a system, such 
as failure of nitrification and the over-growth of heterotrophic populations. The 
parameters affecting EBPR appear to be sensitive in large systems. The 
comparative sensitivity seen in small systems has not been characterised. 
Wastewater treatment technologies vary in size considerably. How size impacts on 
treatment efficiency in smaller systems is poorly characterised. The application of 
multistage processes to small, self-contained systems generally has not been 
explored widely. However, as a viable, lower cost option for the treatment of waste 
flows distant from large treatment facilities, as supporting systems for older 
wastewater treatment works, and as an example of systems able to produce low 
nutrient effluent with minimal operator interactions, small decentralised systems 
require sustained sampling efforts in order to assess strengths and limitations of the 
process. This can only be achieved by thorough investigation of the chemical and 
biological processes taking place within the technology. 
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The BESST is an example of a small package plant designed to perform biological 
nutrient removal, which was subject to an extended chemical and biological 
analysis. The information and data obtained from the study will be beneficial from 
an academic and industrial point of view, and will offer further insight into the 
application and operation of this type of system generally. This study offers results 
not widely presented in academic journals, from an area of research which is 
becoming more pertinent to the need for sustainable water treatment, both on a 
local and global scale. 
1.6.2. Aims 
The main aim of this project is to analyse data collected from the monitoring of the 
BESST, a package wastewater treatment plant, in order to draw conclusions 
regarding chemical and microbiological processes occurring within it, and to assess 
the contribution they make to the treatment of wastewater by this system. 
The system was analysed visually, and with sustained physico-chemical and 
microbiological analyses. The physico-chemical tests included a wide range of 
water chemistry tests, and methods to assess the nature of physical elements of 
wastewater, such as total suspended solids. Microbiological testing included culture 
based most probable number testing, which was performed on the same samples 
used for physico-chemical analysis. Molecular microbiological techniques were 
employed as an example of a higher resolution tool, used to support physico-
chemical and culture based methods. Denaturing gradient gel electrophoresis and 
DNA sequencing were used in this way. 
Experimental changes were applied to the system and monitored in the manner 
described above, in order to assess the impact of change to sewage control 
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parameters in this BESST specifically. Experimental changes included the addition 
of acetic acid to the system, as part of a phosphorus removal trial. The effect of 
dosing on the levels of phosphorus throughout the system, and on other variables in 
the system, were observed and analysed in order to assess the potential for EBPR in 
the BESST. 
Periods of unanticipated disorder to the system were also closely analysed in order 
to develop knowledge regarding environmental conditions in the system occurring 
as a response to disruption. Examples of such disruption included main pump 
failure, air flow failure, and system washout. 
1.6.3. Objectives 
Although the BESST had been installed and commissioned in other locations prior 
to this study, it had not been subject to a detailed biotic and abiotic analysis.  
The study was carried out and assessed under the following headings: 
1. To examine general treatment performance 
2. To determine the response to experimental or disruptive change 
3. To assess the interactions of variables within the system 
4. To provide information that informs day to day operation of the system 
1.6.3.1. Treatment Performance 
A package wastewater treatment system with a population equivalent of 100, the 
BESST, was installed as a prototype on a working sewage treatment works with a 
treatment capacity population equivalent of 20,000. It was fed with municipal 
wastewater from the community served by the main treatment facility. The system 
was monitored over 653 days. Over this period, effluent quality was assessed using 
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three main variables – ammoniacal N (amm N), biochemical oxygen demand 
(BOD), and total suspended solids (TSS), which were assigned consent levels. 
Consent levels were used to determine if the system was producing a final effluent 
deemed to be of good or bad quality. Sustained monitoring of this nature, combined 
with statistical analysis of the results, produced information on the general capacity 
for treatment of wastewater by the BESST. 
Wastewater composition is dynamic and changeable in nature. Treatment strategies 
differ between systems because of this. Smaller systems are more sensitive to 
changes due to the complex nature of the microbial biochemistry of suspended 
growth systems. Weekly variations in physico-chemical and microbiological 
parameters in the system relating to changes of this nature, by assessing influent 
and effluent concentrations, were analysed and assessed. 
1.6.3.2. Response to Environmental/Experimental Changes 
The way in which a system responds to challenges and operational upset, is an 
important element of understanding and applying control parameters. Periods 
during the monitoring scheme when the system is not performing well, as a 
response to negative occurrences (such as mechanical failure, or toxic load) were 
deemed especially useful to interrogate during the analysis stage of the project. 
Informed operational control adjustments will also be made to the system 
periodically, and the response of the system to these adjustments scrutinised.  
Analysis will be supported by continuous visual examination and observation 
(including environmental variation, such as weather) based on close monitoring of 
the system over a sustained period of time. 
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1.6.3.3. Interactions of Variables within the System 
Small wastewater treatment systems are highly susceptible to change, and 
therefore, the internal environment is more sensitive than that of a larger system. 
These investigations aim to provide qualitative and quantitative scientific 
information surrounding the interactions between physico-chemical and 
microbiological aspects of the BESST. As a consequence of examination of these 
parameters suggestions for the optimisation of, and alteration to, control parameters 
for the BESST system will be described. Because of the paucity of knowledge 
regarding package treatment plants this will also contribute understanding for 
smaller systems generally. 
Statistical tests will be applied to the dataset obtained during the sampling period. 
Presentation of these results will be designed to enhance operational knowledge of 
the system as well as contribute knowledge to the interaction of variables in 
activated sludge generally. The most appropriate method for the analysis and 
presentation of results of this nature will be discussed. 
1.6.3.4. Successful Operation of the System 
The research study has an obligation to make informed suggestions regarding the 
efficiency of the system as a marketable product, as well as wastewater treatment 
unit. As a result, instruction will be provided in order to achieve the highest quality 
of treatment possible for this treatment unit specifically. In doing so, a greater 
understanding of the biological processes which make this possible, will be 
obtained. Tools for treatment troubleshooting will be provided in the form of a 
document, developed from operational experience and data analysis. 
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This study will ultimately contribute to knowledge of activated sludge processes 
taking place in smaller systems, based on changes observed in physico-chemical 
and microbiological parameters. It will provide a model for the study of systems 
similar to this one, and will interpret the data collected to make suggestions for 
alterations and improvements to the system and methods for studying it. 
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2. Materials and Methods 
2.1. Project Management 
The research was carried out as part of a KTP project, the management of which 
was performed by a panel comprising members of the University, members of WPL 
Ltd and a KTP government advisor. I had a major responsibility on the panel and 
was responsible for overseeing the design and implementation of all practical 
aspects of the study. Decisions regarding changes to the practical research schedule, 
for example, in the event of unforeseen disruption or unanticipated field constraint, 
were made by the panel, after a presentation by myself which detailed the issue and 
suggested an appropriate solution. The final decisions were agreed to by the 
committee, but all solutions and changes were suggested and implemented by 
myself. 
2.2. The Biologically Engineered Single Sludge Treatment System 
(BESST) Experimental Plant 
The experimental BESST system was located at the University of Portsmouth 
Centre for Environmental Technology, Petersfield, UK (grid ref. SU 77034 22807).  
2.2.1. Commissioning  
The influent feeding the BESST was delivered from the top of the Southern Water 
site via a main pump (Figure 2.1). The influent was screened, untreated municipal 
sewage. The BESST effluent was discharged back into the main treatment works. 
The experimental tank had a capacity of 20 m3/d, and was operated with an influent 
flow rate of 14.0 L/min. 
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Figure 2.1 Map of the Southern Water Wastewater Treatment Works 
Ideal system control parameters for the Petersfield BESST system were based on 
empirical data supplied by the American company which sold the patent for the 
BESST to WPL Ltd. They suggested maintenance of the biomass in the aerobic 
zone, i.e. the mixed liquor suspended solids (MLSS) within a range of 2000-3000 
mg/L, which subsequently kept the dissolved oxygen (DO) in the aerobic zone 
between 1.5 – 3 mg/L. Return activated sludge (RAS) was important for the 
operation of the system as it allowed it to operate on a continual flow basis, and 
was the main point of recycle in the system. RAS rates had been suggested at up to 
16 times the influent flow rate, a RAS rate of 6 times the influent flow rate was 
found to be optimal at the commissioning stage, by maintaining a steady MLSS and 
good levels of treatment.  
Initially, the air required by the system (largely in the aerobic zone) was delivered 
by one blower and was manually controlled. This lead to difficulty in controlling 
DO levels in the system, and consequently it was not possible to maintain DO in 
Location of main pump 
feeding the BESST 
Head of works 
Location of the BESST 
Water chemistry and 
microbiology laboratories 
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the aerobic zone within desired levels (1.5 mg/L-3 mg/L). Outside of this range, 
treatment efficiency was poor. This information led to the installation of an extra 
air blower. One was used to deliver air to the aerobic zone (for a greater degree of 
control) and one for the RAS and remainder of the system requirements for 
introduced air. 
The design of the BESST is based on an extended aeration model and the SRT for 
the majority of the trial period was 20-23 days. Longer retention times gave low 
growth rates and produced lower volumes of sludge, which were easier to stabilise 
within a system. However, problems with the growth of filamentous bacterial 
populations lead to the implementation of lower SRT times, attempting to control 
these problematic populations. This is investigated further in Section 3.2.6. 
2.2.2. Sampling Rationale and Procedure 
2.2.2.1. Sampling Rationale 
A diurnal sampling survey of the Petersfield inlet was performed before installation 
of the BESST unit. This survey found that peak inlet concentrations were at their 
highest between 0700 and 1100 during weekdays, possibly in response to the 
‘morning rush’ which occurs as people are getting ready to start their working day. 
It was agreed that sampling should take place between 0800 and 1000 in order to 
obtain as fully a representative sample as possible of the strongest inlet strength. 
2.2.2.2. Sampling Procedure 
The sampling period was from 22nd June 2006 until the 3rd April 2008. Samples 
were collected from five zones of the BESST, using a suction pump in order to 
minimise aeration. The zones sampled were the anoxic zone (An), the aerobic zone 
(Ae), and the bottom (ClaB), middle (ClaM) and top (ClaT) of the clarifier, which 
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are also detailed in Figure 1.8. Samples were collected from the BESST in glass 
bottles with a capacity of 250 mL, which were filled to overflowing and 
immediately sealed. The bottles were then immediately transferred to the 
laboratories on site and processed within 2 hours. All tests were performed on the 
same sample. Two sampling runs were performed every week – one which was 
subject to a full suite of tests, and one during which basic control parameters only 
(i.e. MLSS, DO) were monitored. 
2.3. Physico-chemical Analysis 
2.3.1. Dissolved Oxygen (DO) 
2.3.2. Temperature (°C) 
Dissolved oxygen readings were taken directly from the aerobic and anoxic zones 
using a YSI 5730 oxygen meter (YSI, Yellow Springs, WA), fitted with a field 
probe, which was also used to record temperature. The oxygen meter was calibrated 
before each use with air saturated water. Samples collected from the system for 
additional testing were also analysed using a benchtop YSI 5730 oxygen meter 
(YSI, Yellow Springs, WA), immediately after collection. 
Temperature was taken using a the same meter as the one used for DO, following 
the same procedure. 
2.3.3. pH 
pH readings were taken from collected samples using a Jenway 3305 pH meter 
(Bibby Scientific, Stone) immediately after collection. The meter was calibrated 
before each sampling suite was performed, with commercially prepared standards 
of pH 4 and 7 (Fisher Scientific, Loughborough).  
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2.3.4. Electroconductivity 
Electroconductivity was measured to determine the levels of ions in the system, 
using a Jenway 4020 conductivity meter (Bibby Scientific, Stone). The meter was 
calibrated on a weekly basis with a standard mixture of 1413 microsiemens (mS). 
2.3.5. Oxidation Reduction Potential  
Eh measurements were taken to determine oxidative and reductive processes 
occurring in the BESST. A ABB Kent Taylor (ABB, Warrington) combination 
platinum electrode meter was used to record millivolts (mV). This number was 
converted to Eh using the formula: 
Eh = P + R + 59 (pH-7) 
Where P is the reference cell potential (251mV for a silver/silver chloride 
electrode) and R is the redox reading from the meter, in mV (Mara, 1974). The 
meter was cleaned before and after each use. 
2.3.6. Biochemical Oxygen Demand (BOD) 5 day Test 
BOD5 was determined using the APHA (1998) method (Clesceri & Greenberg, 
1998). The BOD5 of a sample is the amount of oxygen required to degrade organic 
substrates in a sample of treatable waste over five days. The soluble BOD5 is the 
amount of oxygen required to degrade organic substrates in a filtered sample. 
Standard conditions were applied to the BOD test, which are incubation at 20°C in 
the dark, under aerobic conditions. 
Samples were collected as described above and diluted appropriately to prevent 
total oxygen depletion during incubation. The appropriate amount of dilution water 
to be prepared was determined by visual assessment of the turbidity of the sample. 
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A more turbid sample required greater dilution. Dilution water was made with 
enough time to let it reach room temperature. A small air-stone was added to air-
saturate the water, and 1mL per litre of each of the following solutions were added 
to the water: 
FeCl3.6H2O (0.125 g/L) 
CaCl2.2H2O (36.42 g/L) 
MgSO4.7H2O (25 g/L) 
Phosphate buffer, pH 7, containing per litre: KH2PO4 (52.5g), NaOH (8.8g), and 
(NH4)2SO4 (2.0g) 
Allylthiourea (1 g/L) 
Allylthiourea was added as an inhibitor of nitrification, in order to determine 
carbonaceous oxidation only. The samples were incubated in the dark at 20°C, 
along with a blank sample, which was the dilution water. Prior to, and immediately 
after incubation, the DO of each sample was recorded, and the following formula 
used to calculate the BOD5, in accordance with the APHA method (1998): 
BOD5 = F[(D1 – D2) – (F – 1)/F) (B1 – B2)] 
Where: 
D1 = DO concentration of sample before incubation 
D2 = DO concentration of sample after incubation 
B1 = DO concentration of blank before incubation 
B2 = DO concentration of blank after incubation 
F = dilution factor (volume of diluted sample/volume of sample aliquot) (APHA, 
1998). 
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2.3.7. Soluble Biochemical Oxygen Demand (sBOD) 
Soluble BOD (sBOD) was performed on filtered samples, following the same 
procedure for the BOD test. 
2.3.8. Chemical Oxygen Demand (COD)  
COD was assessed according to the APHA (2008) method using a Hach test kit and 
a Hach DR/3000 spectrophotometer (Hach, Loveland). COD is used to measure the 
oxygen equivalent of a sample containing organic material which is susceptible to 
oxidation by a strong chemical oxidant. Samples were diluted according to visual 
assessment and filtered samples to measure soluble COD were used neat. The test 
kit was used according the manufacturer instructions and final values for COD 
were determined according to the dilution factor used to prepare the original 
samples. 
Sample (2 mL) was added to a test kit tube, which contained a mixture of mercuric 
sulphate, potassium dichromate, and sulphuric acid. A blank tube, which contained 
2 mL of distilled water instead of a sample, was also prepared in this way. The 
tubes were boiled at 150°C for two hours. After boiling, the tubes were allowed to 
cool and the blank tube was used to zero the colorimeter (HACH DR 700) which 
operated at a fixed wavelength of 610 nm. Readings were taken for each tube and 
final values were determined according to the dilution factor used. 
2.3.9. Soluble Chemical Oxygen Demand (sCOD)  
Soluble COD (sCOD) was performed on filtered samples, following the same 
procedure for the COD test. 
 
69 
 
2.3..10. Total Suspended Solids (TSS)  
The TSS is the quantity of the solid fraction of a sample which is removable by 
filtration. Assessment of TSS was performed according to the APHA (2008) 
method. A measured sample was filtered through a Whatman GF/C glass 
microfibre filter, 9 cm diameter, which had previously been weighed to four 
decimal places. After drying for two hours at 105°C the filters were then reweighed 
and the TSS was calculated relative to the original sample size using the following 
equation: 
TSS = (B-A) x 1000 [mg/L] 
V 
Where: 
A = Initial paper weight (mg) 
B = Paper weight plus sample dried at 105°C (mg) 
V = volume filtered (mL) (APHA, 2008) 
2.3.11. Volatile Suspended Solids (VSS)  
Dried filters were kept from the TSS test and used subsequently for VSS analysis. 
VSS was assessed using the HMSO (1984), method; calculated by heating TSS 
filters in a muffle furnace at 550°C for two hours, and reweighing. The difference 
in the two weights is equal to the volatile mass lost by drying and is calculated 
using the following equation: 
VSS = (D-A) x 1000 [mg/L] 
V 
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Where: 
D = Paper weight plus sample weight after furnacing at 550°C (mg) 
A = Initial filter paper weight (mg) 
V = Filtered volume (mL) (HMSO, 1984). 
2.3.12. Sludge Volume Index  
The suspended solids concentration of 1L of a mixed sample from the aerated zone 
was assessed. The sample was left to settle for thirty minutes in a 1L cylinder, after 
which the volume occupied by the sludge in the suspension was used to calculate 
SVI by substitution in the following equation: 
SVI = settled sludge volume (mL/L) x 1000 /suspended solids (mg/L) 
2.3.13. Ammoniacal Nitrogen (Amm N) (mg/L) 
Ammoniacal nitrogen (Amm N) was measured using filtered wastewater samples, 
with the Bran and Luebbe Continuous Flow Autoanalyser 3 (SPX, Northampton) 
according to the manufacturer’s instructions. The test is based on the indophenol 
method, which is a colorimetric test. The sample is introduced to a sodium 
phenoxide solution, which changes colour after the addition of sodium hypochlorite 
and sodium nitroprusside. The autoanalyser then measures absorbance at 625 nm. 
2.3.14. Total Oxidised Nitrogen (TON) (mg/L) 
2.3.15. Nitrite (NO2-) (mg/L) 
Total oxidised nitrogen (TON) is used to assess the concentrations of nitrite (NO2-) 
and nitrate (NO3-) in a sample together. By measuring the concentration of nitrite 
separately, therefore, it is possible to determine the concentraction of nitrate. TON 
and nitrite were measured using filtered samples, with the Bran and Luebbe 
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Continuous Flow Autoanalyser 3 (SPX, Northampton) according to the 
manufacturer’s instructions. The autoanalyser brings the sample to an alkaline pH 
and adds hydrazine sulphate and a cupric iron catalyst.  A colour change is effected 
after the addition of acidic sulphanilamide, which is measured at 520 nm. 
2.3.16. Total Nitrogen (mg/L) 
Total nitrogen was measured using the Palintest digestion tube test kit (Total 
Nitrogen/30) (Palintest, Tyne & Wear) according to manufacturer’s instructions. 
2.3.17.Total Phosphorus (mg/L) 
Total Phosphorus was measured using the Palintest Persulfate Digestion tube test 
kit (Total Phosphorus/12) (Palintest, Tyne & Wear) according to manufacturer’s 
instructions. 
2.3.18. Orthophosphate (mg/L) 
Orthophosphate was measured using filtered samples, with the Bran and Luebbe 
Continuous Flow Autoanalyser 3 (SPX, Northampton) according to the 
manufacturer’s instructions. Samples were mixed with ammonium molybdate under 
acidic conditions, which formed molybdophosphoris acid. Addition of ascorbic acid 
produced a colour changed, the optical density of which was determined at 660 nm. 
2.3.19. Volatile Fatty Acids (mg/L) 
The method used to assess volatile fatty acids in the samples was based on the 
technique described by the APHA (1992). Before performing the test, a calibration 
curve for the titration of acetic acid by sodium hydroxide was performed, according 
to Dilallo and Albertson (1961). 
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A 50 mL aliquot of the original sample was taken and the pH corrected to 3.3 with 
1 M sulphuric acid. The sample was then boiled for three minutes and cooled 
before the pH level was corrected to 4 with 0.05 M sodium hydroxide. The amount 
of NaOH titrated in order to raise the pH to 4 was noted, and was subsequently 
raised to pH 7, with the amount needed to titrate again noted. 
These values were then referred to a calibration curve, performed previously, for 
the titration of acetic acid by sodium hydroxide. 
2.4. Microbiological Analysis 
2.4.1. Most Probable Number (MPN) Method for the Enumeration of Bacteria 
2.4.1.1. Plate Dilution Frequency Assay 
The MPN plate count technique is based on the presence or absence of colony 
forming units in standardised media conditions. It is performed using media 
selective for groups of bacteria of interest, and is widely used to monitor bacterial 
populations over a period of time. 
The media used during this study are detailed in Table 2.1. Nitrobacter medium (a.) 
was used for the presumptive growth of ammonia oxidising bacteria. Nitrosomonas 
(b.) medium was used for the presumptive growth of nitrite oxidising bacteria, and 
casein peptone starch nitrate (CPSN) medium (c.) was used for denitrifying 
bacteria. The appropriate medium was selected, made and poured into petri dishes 
or test tubes. 
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Table 2.1 Composition of media used in the study 
a. Nitrobacter Agar: 
NaNO2-  0.2 g 
Na2CO3 0.5 g 
NaCl 0.25 g 
K2HPO4 0.25 g 
MgSO4.7H2O 0.15 g 
FeSO4 0.2 g 
Technical Agar (Oxoid, 
Cambridge, UK) 
6.5 g 
dH2O to 500 mL 
 
b. Nitrosomonas Agar: 
(NH4)2SO4 10 g 
K2HPO4 3.75 g 
KH2PO4 1.25 g 
FeSO4.7H2O 0.05 g 
MgSO4.2H2O 0.15 g 
CaCl2.2H2O 0.01 g 
Technical Agar (Oxoid, 
Cambridge, UK) 
6.5 g 
dH2O to 500 mL 
 
 
c. Casein Peptone Starch Nitrate (CPSN): 
Starch 0.3 g 
Casein hydrolysate 0.3 g 
Bactopeptone (Oxoid, 
Cambridge, UK) 
0.3 g 
Glycerol 0.6 mL 
K2HPO4 0.6 g 
MgSO4.7H2O 0.06 g 
KNO3 0.11 g 
0.1% alcoholic 
bromothymol blue 
6 mL 
dH2O to 500 mL  
 
 
Plates were dried overnight on the bench before use, and the bottom of each petri 
dish was divided into sixteen segments with a marker pen. Purity plates were 
incubated with the inoculated plates to check for contamination. One plate in each 
group was inoculated with sterile water as a negative control. One plate in each 
group was inoculated with an overnight culture of E.coli as a positive control. 
A serial dilution was performed with 1mL of a sample which was mixed by 
inverting 5 times. Working from the highest dilutions, eight 10µl aliquots were 
spotted onto one half of a plate of each dilution. After incubation, positive growth 
for each dilution was recorded. A total score for each dilution was noted and 
located on the MPN values table (Appendix A) 
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Three replicates of each MPN were performed per sample. As described (Harris & 
Sommers, 1968), organisms per mL is assigned the value d. If (logd1/0.2743) - 
(logd2/0.2743) is greater than 2.0, then d1 and d2 are significantly different. 
Replicates which were not significantly different were averaged and therefore 
represented one value. Replicates which were significantly different were all 
included and therefore represented more than one value. 
2.4.1.2. Tube Test MPN for the Enumeration of Denitrifying Bacteria 
For each sample, five test tubes containing 10 mL CPSN media and Durham tubes 
were prepared. One uninoculated tube was incubated with the inoculated tubes to 
check for contamination. One tube was inoculated with sterile water as a negative 
control. One tube was inoculated with an overnight culture of E.coli as a positive 
control. 
Using dilutions 10-1 and 10-5 of the serial dilution prepared for the plate assay, each 
tube was inoculated with 1mL of sample suspension. Tubes were then incubated at 
30°C for five days and gas and colour change was noted. 
Tubes that produced a colour change of green to blue, with accompanying gas in 
the Durham tube, were noted as denitrifiers and MPN scores were obtained from 
the appropriate table (Appendix A). 
2.4.2. Microbiological Survey 
A qualitative assessment of samples of wastewater was performed alongside each 
major sampling suite, which was a basic questionnaire regarding particular aspects 
of the system. This included the general appearance of the system; how the 
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biomass/liquid appeared in each section of the tank, the smell of the system, and the 
appearance/smell of the final effluent. 
 
A wet mount was also prepared by adding a drop of sample to a clean, plain 
microscope slide, and applying a coverslip. The sample was then observed under a 
compound light microscope. Aspects such as floc compaction, bridging between 
flocs and total abundance of floc was recorded. Any observable protozoa were also 
noted. 
An example is provided in Appendix A. 
2.4.2.1. Microscopy and Staining 
The use of microscopy is an initial test used for assessing microbial community 
composition in wastewater. During this study both the Gram stain (Lillie, 1928) and 
Albert’s stain (Albert, 1921) procedures were used. 
2.4.3. Molecular Microbiology 
2.4.3.1. DNA Extraction 
DNA was extracted from isolated bacterial and sewage samples for use as a 
template during the polymerase chain reaction (PCR), in order to examine bacterial 
communities at a gene based level. The practical process of extracting DNA so that 
it is fit for further analysis follows a sequence of basic steps, outlined in Table 2.2. 
In order to produce DNA of an appropriate quality for subsequent analysis, DNA 
extractions were optimised for each step of the extraction process. 
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Table 2.2 Steps and Solutions in the DNA Extraction Process of Sewage (modified from Saunders 
and Rossi, 2008). 
Steps in Extraction Process: Achieved by: 
Preparation of cellular material Concentration of sample by 
centrifugation 
Sample washing to minimise 
contamination 
Disruption of cell wall/membrane Detergent 
Freeze thawing at -80°C 
Bead beating (mechanical disruption) 
Stabilisation of DNA once outside the 
cell 
Chemical buffers affording protection 
from degradation by other cell 
components released during lysis 
Removal of unwanted cell components Phenol chloroform precipitation 
methods for the removal of proteins and 
other sewage matrix elements, including 
carbohydrates 
Purification May occur at different stages of the 
process, e.g. CTAB removes excess 
polysaccharide at beginning of protocol, 
other nucleic acids removed by 
appropriate enzymes at this point 
Concentration Ethanol precipitation – precipitates 
DNA into solution 
Storage Any remaining ethanol is evaporated off 
as it may interfere with the polymerase 
chain reaction (PCR). DNA resuspended 
in appropriate buffer (e.g. TE buffer) to 
prevent acid hydrolysis. Storage at 4°C 
or 20°C depending on storage time. 
 
The method used for DNA extraction in this study is as follows (information 
regarding reagent composition is detailed in Appendix A): 
CTAB DNA Extraction Method (per sample) (adapted and optimised from 
Sokolov, 2000) 
In a fume cupboard, 500 µl of cetyl trimethylammonium bromide (CTAB) extraction 
buffer and 1µl beta-mercaptoethanol (BME) (Sigma-Aldrich, Dorset) were added to 
a sterile 2 mL microcentrifuge tube. This was then incubated at 60ºC for 30 
minutes. A sample was then added to the incubated CTAB extraction buffer, and 5 
µl of 1 mg/ml proteinase K (Sigma-Aldrich, Dorset) was added, to degrade protein. 
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The sample and buffer were then incubated at 60ºC for a further 30 minutes to aid 
the protein digestion process. 
A further 5-10 µl of Pro K was added, and the sample and buffer were incubated at 
60ºC for 1 hour. 
Chloroform isoamyl alcohol (24:1) (500µl) was added to the sample. It was mixed 
on an orbital shaker (Denley, Fisher Scientific, Loughborough) for 5 minutes. It 
was then centrifuged (Heraeus Biofuge 17RS, Heraeus, Buckinghamshire) at 14000 
rpm for 5 minutes, room temperature. 
The aqueous phase was transferred to a fresh sterile 2 mL tube. The chloroform 
isoamyl alcohol addition and mixing was performed twice. For the last time, the 
aqueous phase was transferred to a sterile 1.5 mL tube. 
Ice-cold 100% ethanol (653 µl) and sodium acetate (30 µl) were then added. Tubes 
were inverted by hand 10 times, and placed in -20ºC freezer to precipitate DNA 
overnight. 
Samples were then centrifuged at 14000 rpm for 15 minutes at 0ºC, (Heraeus 
Biofuge 17RS, Heraeus, Buckinghamshire) ensuring all microcentrifuge tube 
hinges were pointing outwards, so DNA would stick to the back of the tube only. 
Tubes were transferred immediately to ice. 
The ethanol was decanted, while taking care not to dislodge the pellet. Ice-cold 
70% ethanol (500 µl) was added, and the sample was centrifuged again at 14000 
rpm for 2 minutes at 0ºC (Heraeus Biofuge 17RS, Heraeus, Buckinghamshire). This 
step was repeated once. 
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The pellet was then dried on a hot block at 70 ºC for 10-20 minutes, and the DNA 
resuspended in 50 µl TE buffer. DNA was stored at -20 ºC until it was required for 
downstream applications. 
2.4.3.2. The Polymerase Chain Reaction (PCR) 
The polymerase chain reaction is used to amplify a section of DNA extracted 
directly from a sample, into amounts substantial enough for further analysis. For 
this project, PCR was used to amplify the 16S rRNA gene. This gene is studied 
particularly because of its ubiquity in prokaryotes, and the presence of highly 
conserved sections combined with areas of variability (Head et al., 1997). Primers 
8F and1492R (Ward et al., 1992, cited in Reysenbach et al., 1994) were used for 
the amplification of the 16S rRNA gene in this study, and primers P2 and P3 
(Muyzer, 1993) for the amplification of the hypervariable V3 region of the 16S 
rRNA gene. 
As with DNA extraction, a period of optimisation of the PCR reactions used in this 
study, according to the steps outlined in Table 2.3, were required, and each reaction 
setup composition was different. Specific PCR programs used in this study are 
included in Appendix 1. 
2.4.3.3. Denaturing Gradient Gel Electrophoresis (DGGE) 
Denaturing gradient gel electrophoresis (DGGE) is a genetic technique that may be 
used to assess mixed microbial community composition and the abundance of 
specific members of that community. It is based on gel electrophoresis technology, 
however, as opposed to moving through the gel based on size, DNA molecules 
move according to how denatured they become when subject to a denaturing 
gradient throughout the gel. PCR products for DGGE were obtained using a nested 
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PCR reaction, with the 8F and 1492R primers and the P2 and P3 primers. 
respectively. The P3 primer contains a GC clamp - a region rich in guanine and 
cytosine, designed onto the primer which affects melting behaviour and improves 
the resolution of community composition (Muyzer et al., 1993). 
Table 2.3 Setup, cycling and processes in the basic PCR reaction 
Stage in PCR: Desired Outcome: Requirement in 
PCR Program: 
Requirement in 
Reaction Setup: 
Initial 
Denaturation 
DNA template is 
initially denatured 
into single strands 
~ 95°C one-off 
stage, up to 5 
minutes 
DNA template 
Denaturation DNA continues to 
be denatured 
~ 30 seconds, 
cycled up to 30 
times. ~95°C 
DNA template 
Annealing Short strands of 
DNA 
(oligonucleotides) 
complementary in 
sequence to the 
desired area of 
amplification attach 
to the single strands 
from denaturation 
stages 
~ 30 seconds, 
cycled up to 30 
times. Annealing 
temperature 
required is very 
specific to each 
primer set – can be 
from 55°C to 65°C 
Specific primers 
Extension Free nucleotides are 
incorporated into the 
complementary 
single strand of 
DNA (started by the 
primers) by DNA 
polymerase 
~30 seconds, 
cycled up to 30 
times. ~72°C. 
dNTPs 
DNA polymerase 
MgCl2 
Final Extension After all cycles are 
performed, 
extension continues 
to allow for all 
copies to be 
completed. 
~72°C, one-off 
stage, up to 10 
minutes. 
dNTPs 
DNA polymerase 
MgCl2 
 
Analysis of 16S rRNA PCR products by DGGE was performed as described by 
Muyzer et al., (1993) using the D-Code Universal Mutation Detection System (Bio-
Rad, Hercules, CA, USA.). Combined triplicate PCR products were applied directly 
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to 10% (wt/vol) polyacrylamide gels that contained a 40-60% gradient of 
denaturants and electrophoresed for 4.5 hours in 1 X TAE buffer at a constant 
voltage of 150 V. 
After electrophoresis the gels were stained with Sybr-Green I DNA stain 
(Molecular Bio-Probes, Eugene, USA) and the image was recorded using a Fujifilm 
FLA-6530 phosphorimager (Fujifilm Corporation, Tokyo, Japan). 
2.4.3.4. DNA Sequencing 
DNA sequencing is used to determine the order of DNA nucleotides in a specific 
region of DNA. For this study, the region of interest was the 16S rRNA gene, and 
by analysing the DNA sequence it was possible to compare the samples obtained in 
this study to a database of other sequences, using a basic local alignment search 
tool (BLAST) search (Altschul et al., 1990). 
For this study, purified PCR products were produced using the method described 
above with 8F and 1492R primers and sent to Functional Biosciences (Madison, 
WI, USA) for sequencing by the dye-terminator method, based on the chain 
termination method described by Sanger (1977). Primers complimentary to the 
region of DNA to be sequenced (usually those used for the PCR reaction used to 
amplify the DNA) are used, with a DNA polymerase and free dNTPs (which are 
fluorescently labelled), to initiate the formation of a new strand, using big-dye 
technology. The bases used to assemble the new strand are identified by software, 
which produces a DNA chromatogram, showing peaks for each base called. 
Sequence chromatograms were viewed using Chromas Lite 2.33 (Technelysium Pty 
Ltd, Australia). Sequences were tidied up using Nucleic Acid Sequence Massager 
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(http://attotron.com/cybertory/analysis/seqmassager.htm) and contigs were aligned 
using Clustal W2 (http://www.ebi.ac.uk/Tools/clustalw/index.html). 
2.5. Statistical Analysis 
2.5.1. Mean 
The mean is the average value of a dataset. For this purposes of this study, the 
arithmetic mean of values were largely used as a descriptive tool. 
2.5.2. Standard Deviation 
The standard deviation measures how much a parameter or community aspect 
deviates from the mean. For this study standard deviation was used in assessment 
of variability of the dataset. 
2.5.3. Normal Distribution 
The normal distribution is the pattern usually taken by measurements that are 
affected by many factors (Ennos, 2000). If a dataset is normally distributed, 
conclusions can be drawn about the nature of the dataset, including levels of 
variability. 
Data needs to be normally distributed in order to apply many statistical tests, 
including analysis of variance. For the purposes of this study, all bacterial 
population measurements were converted to a logarithmic scale in order to 
normalize the data and perform subsequent statistical analysis. 
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2.5.4. Linear Regression 
Regression analysis describes the relationship between an independent and a 
dependent variable, and therefore how one affects the other. Linear regression was 
used in this study to compare sampling parameters in the dataset. 
2.5.5. Analysis of Variance (ANOVA) 
ANOVA is a test to determine significant differences (p < 0.05) between groups, 
and therefore also relationships between groups. 
For this study ANOVA was applied to both physico-chemical and microbiological 
data to highlight relationships in the dataset. ANOVA was also used to compare 
replicate data produced from microbiological analysis. 
2.5.6. Statistical Software 
Minitab 15 was used to perform all statistical analyses, apart from the joining 
analyses. These were performed by counting the frequency of bands in DGGE gels 
and entering them into a grid, which was then subject to a Jaccard similarity index 
test and neighbor joining in PAST (Hammer, Ø et al., 2001) A .NEXUS file was 
exported from this program and the dendogram constructed in Treeview. 
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3. Results 
 
The complete dataset obtained for all variable monitoring during this research is 
included as Appendix C, on a CD ROM.  
The results are divided into two sections, one containing data relating to treatment 
performance, and the other containing information regarding disruption to the 
system, and how this affected treatment quality. 
3.1. Treatment Performance 
Treatment assessment of influent concentrations of key parameters against effluent 
concentrations indicated the general efficiency of treatment. 
3.1.1. Basic Assessment of Treatment Performance 
Treatment performance was monitored over 653 days by comparing measured 
influent and effluent concentrations of amm N nitrogen, BOD and TSS. Consent 
limits, which are limits on concentrations normally applied to effluent, to assess if it 
is fit to be discharged into the environment, were assigned in accordance with 
industry standards obtained by WPL Ltd (personal communication, S. Hudson, 
June 2006). The consent for amm N nitrogen was 1 mg/L, for BOD was 10 mg/L, 
and the consent for TSS was 20 mg/L. The system was considered to be producing 
good treatment if all three were present in the effluent in concentrations lower than 
their consent limit. 
3.1.2. Influent and Effluent Profiles 
Influent and effluent levels of amm N nitrogen, BOD and TSS were compared 
overall and within to specific samples. Treatment profiles are shown for amm N 
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nitrogen, BOD and TSS (Table 3.1). The 95th percentile obtained for effluent 
variables is the value below which 95% of the data falls, and is shown as being 
higher than the consent values set. This indicates that effluent consent limits were 
not met for the majority of the sampling period. 
The mean concentration of influent amm N was 36.1 mg/L, which was reduced to a 
mean effluent concentration of 6.3 mg/L, which was within consent. Levels of 
influent amm N were variable, and ranged from a minimum of 3.7 mg/L to 72.2 
mg/L. The same was true of effluent levels, which ranged from 0 mg/L to 39.2 
mg/L. 
The mean concentration of influent BOD was 354.3 mg/L, which was reduced to a 
mean effluent concentration of 14.5 mg/L, which was not within consent. Levels of 
influent BOD were variable, and ranged from a minimum of 47.2 mg/L to 1310.4 
mg/L. This was also shown in effluent levels, which ranged from 0.2 mg/L to 194.4 
mg/L. 
The mean concentration of influent TSS was 421 mg/L, which was reduced to a 
mean effluent concentration of 30 mg/L, which was not within consent. Levels of 
influent TSS were variable, and ranged from a minimum of 98 mg/L to 1476 mg/L. 
Variability was also shown in effluent levels, which ranged from 4 mg/L to 326 
mg/L. 
These results show that the BESST was able to reduce levels of amm N, BOD and 
TSS over the sampling period. 
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Table 3.1 Statistical profiles for amm N, BOD and TSS in the influent and effluent over the 653 day 
sampling period. 
Area Variable n Mean Minimum Maximum 95th 
percentile 
   Concentration (mg/L) 
Influent 
Amm N 132 36.1 3.7 72.2 21.3 
BOD 129 354.3 47.2 1310.4 908.3 
TSS 131 421.0 98.0 1476.0 855.5 
Effluent 
Amm N 131 6.3 0.0 39.2 56.6 
BOD 128 14.5 0.2 194.4 83.1 
TSS 131 30.0 4.0 326.0 134.0 
 
3.1.2.1. Ammonia (amm-N) 
Inlet amm N concentrations were variable throughout the entire monitoring period. 
However, over the 653 day sampling period, the BESST showed good treatment 
rates for amm N. Figure 3.1 shows the range of concentrations of amm N in the 
influent and effluent over the sampling period, and emphasises that, overall, 
effluent concentrations were lower than influent concentrations. 
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Figure 3.1 Amm N concentrations taken from the influent and final effluent of the BESST system 
over the 653 day sampling period, showing high variability of influent concentrations vs. overall 
lower, less variable effluent concentrations. 
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3.1.2.1.1. Total Oxidised Nitrogen (TON) 
TON relates to amm N in the system as it is known to be produced as a 
consequence of nitrification. Influent concentrations of TON were monitored to 
determine if it entered the system via the influent, or was produced during 
treatment of wastewater. 
Levels of TON in the influent were low compared to levels of influent amm N 
(Figure 3.2). Influent TON ranged between 0 mg/L and 6 mg/L, with a mean value 
of 0.3 mg/L. Influent amm N ranged within these values, but the mean was greater 
(36 mg/L). This suggests that nitrogen enters the system as amm N and that the 
majority of TON present in the system was also produced in the system. 
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Figure 3.2 A comparison of influent amm N concentrations with influent TON concentrations over 
the 653 day sampling period, showing that levels of amm N were consistently considerably higher in 
the influent than concentrations of TON. 
 
3.1.2.2. Biochemical Oxygen Demand (BOD) and Chemical Oxygen Demand 
(COD) 
BOD effluent levels were less variable than BOD influent levels (Figure 3.3). The 
mean value given for effluent concentration of BOD was above the set consent 
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limit. However, the BESST achieved a percentage reduction of mean influent BOD 
levels of 94%, and a maximum percentage reduction of 98% over the sampling 
effort. 
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Figure 3.3 BOD concentrations taken from the influent and final effluent of the BESST system over 
the 653 day sampling period. BOD influent concentrations were less variable than those of amm N, 
but still spread over a wide range. Effluent BOD was overall lower than influent BOD, and 
considerably less variable. 
 
3.1.2.2.1. Soluble BOD (sBOD) 
Levels of sBOD are representative of dissolved organics in the system, and were 
compared to levels of BOD, which represent the solid fraction of the system. 
Concentrations of sBOD in the influent and effluent correlated closely with those of 
BOD (Figure 3.4). Concentrations of sBOD were lower than those of BOD, and 
ranged between 12 mg/L and 231 mg/L in the influent and 0 mg/L and 27 mg/L in 
the effluent. Variability in levels of effluent sBOD followed the variability seen in 
effluent BOD. Examples of this are seen in Figure 3.5, at days 100, 200 and 500. 
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Figure 3.4 Relationship between influent (a.) and effluent (b.) levels of BOD and soluble BOD over 
the 653 day sampling period, determined by regression analysis. These graphs show strong 
correlation between BOD and sBOD in both types of sample, with a wider range of variability in the 
effluent sample compared to the influent sample, suggesting the relationship between BOD and 
sBOD weakens during or directly after reduction by the BESST (note difference in axis size). 
 
r = 0.5983 p<0.001 
r = 0.5709 p<0.001 
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Figure 3.5 Effluent levels of BOD and sBOD over the 653 day sampling period, showing similar 
peaks in concentrations of both BOD and sBOD, particularly at days 100, 200 and 500 (denoted by 
solid line), supporting the relationship defined by regression analysis. 
 
3.1.2.2.2. Chemical Oxygen Demand (COD) 
COD was examined alongside BOD to determine the contribution of the organic of 
the wastewater entering the system, to the inorganic. Influent COD was up to three 
times higher than influent BOD during the monitoring scheme (Figure 3.6a). 
Increases in BOD and COD are consistent between the two variables, particularly 
between day 0 to 100, day 200 to 400, and day 400 to 500. This is also true of 
concentrations of BOD and COD in the effluent (Figure 3.6b), between day 0 and 
day 50, and day 250 to day 400.  
The difference in concentration by which COD is larger than BOD, was reduced in 
the effluent. Over the sampling scheme, there were three large peaks in effluent 
COD, two of which appear to be mirrored by smaller BOD peaks. One peak, which 
occurs close to sampling day 200, is isolated, and can be attributed to a period when 
there was very low biomass throughout the system. The other two, occurring 
between days 0 and 50, and just after day 600, were attributed to startup of the 
system and a period of system failure. 
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Figure 3.6 Influent (a.) and effluent (b.) levels of BOD and COD over the 653 day sampling period. 
Graph a. shows the 3:1 ratio evident between COD and BOD concentrations in the influent, which 
was also translated to effluent levels, as shown in the graph b. This link is supported by similarities 
in peak values around days 50, 200 and 600. 
 
3.1.2.3. Total Suspended Solids (TSS) 
TSS effluent quality was less variable than that of amm N (Figure 3.7) and was 
consistently quite high in relation to the chosen consent target, because of an 
identified problem with the design of the clarifier (Section 4.1). Changes in TSS 
effluent quality were occasionally very problematic for operation of the system, and 
generally built up over a 24 hour period as a result of trauma to the system (for 
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example, pump failure). A mean percentage reduction of influent TSS levels of 
56% was achieved, with a maximum of 95%. 
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Figure 3.7 Influent and effluent TSS concentrations over the 653 day sampling period, showing less 
variability throughout the system than both amm N and BOD influent concentrations, and slightly 
less consistency in low effluent levels of TSS when compared to amm N and BOD. 
 
3.1.3. System Profile – Key Parameters 
3.1.3.1. Conditions Throughout the System 
Amm N, BOD and TSS were monitored throughout different areas of the system, 
and concentrations were assessed in relation to effluent levels. Key parameters in 
the system were identified as those believed to have a direct or indirect effect on the 
removal of amm N, BOD or TSS, and were also examined throughout the system. 
The first zone reached by the influent was the anoxic zone. Here, concentrations of 
amm N, BOD and TSS fluctuated (Table 3.2). Amm N was within the range of 1.5 
mg/L and 70.4 mg/L, with a mean value of 12 mg/L. This was a wider range than 
observed in the aerobic zone, where nitrification was expected to take place. Here, 
the mean concentration of amm N was 6 mg/L, with a range of 0 mg/L to 58.0 
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mg/L, indicating a reduction of amm N in the aerobic zone, compared to the anoxic 
zone. 
The clarifier was present in the system to facilitate settling of solids from the liquid 
fraction of the system, prior to discharge. It was not expected that biological 
processes should be performed as a feature of the clarifier. From the aerobic zone, 
waste entered the bottom of the clarifier to begin the process of clarification 
through the middle of the clarifier, and eventually to the top. Waste from the 
bottom of the clarifier was also returned to the anoxic zone at this point, via the 
RAS. In the bottom and middle sections of the clarifier, levels of amm N were 
variable, but the maximum, minimum and mean values are similar in both areas. At 
the bottom of the clarifier, the mean concentration of amm N was 7.3 mg/L, with a 
minimum of 0 mg/L and a maximum of 63.0 mg/L. In the middle of the clarifier, 
the mean was 6.4 mg/L, the minimum was also 0 mg/L, and the maximum was 
slightly lower, at 59.6 mg/L. 
The top of the clarifier was the final zone of the system before the final effluent 
discharge. Amm N was present here in a smaller range, from 0 mg/L to 30 mg/L. 
The mean was 6.3 mg/L, which was similar to the other two areas of the clarifier. 
The mean concentration of TSS in the three sections of the clarifier reduced from 
the bottom to the top. In the bottom of the clarifier the mean was 3862 mg/L, in the 
middle it was 2210 mg/L, and at the top was 960 mg/L. The range of TSS 
concentrations in the clarifier was large, particularly in the middle, where the 
minimum value was 12 mg/L and the maximum 23976 mg/L. The development of 
the sludge blanket was known to occur in the region samples were taken for the 
middle of the clarifier, which explains the high maximum value. In the bottom, the 
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range was 462 mg/L to 10064 mg/L. This suggests that TSS concentrations in the 
bottom of the clarifier were more stable than in the middle, which is consistent with 
the basis of the clarification process. At the top of the clarifier, the range was 12 
mg/L to 6476 mg/L. As the weir delivering final effluent is at the top of the 
clarifier, the difference between minimum and maximum values in TSS is related to 
overall effluent quality, which was already shown to be variable. 
In the aerobic zone, the mean concentration of TSS was 3056 mg/L. This is because 
the MLSS were maintained between 2000 mg/L and 3000 mg/L as a system control 
parameter, but system disruption and consequently high concentrations of MLSS 
raised the mean. The range of solids in the aerobic zone was 158 mg/L to 8720 
mg/L, which can be accounted for by periods of system failure. 
TSS in the anoxic zone were present in lower quantities, with a mean concentration 
of 1352 mg/L. The development of suspended growth was not expected in the 
anoxic zone, which accounts for this lower level. The range observed (125 mg/L to 
8392 mg/L) shows that the accumulation of solids was possible in the anoxic zone, 
but the minimum and maximum values can be accounted for by periods of non-
compliance in treatment quality. 
BOD concentration is known to relate to TSS concentration, as settleable solids 
contain higher quantities of bacteria and particulate organic matter. Higher mean 
concentrations of BOD were present in the aerobic zone (1399 mg/L) and the 
bottom (2059 mg/L) and middle (989 mg/L) of the clarifier. This was attributed to 
higher levels of TSS in these areas than the anoxic zone, which had a mean BOD 
concentration of 668 mg/L, and the top of the clarifier, which had a mean of 410 
mg/L. 
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Table 3.2 Numeric description of amm N, BOD and TSS throughout the system 
Area Variable N Consent Mean Minimum Maximum 
   Conc. 
(mg/L) 
Conc. 
(mg/L) 
Conc. 
(mg/L) 
Conc. 
(mg/L) 
Anoxic 
zone 
Amm N 82 1 12.2 1.5 70.4 
BOD 67 10 667.7 67.7 4204.8 
TSS 78 20 1353.0 125.0 8392.0 
Aerobic 
zone 
Amm N 84 1 6.2 0.0 58.0 
BOD 67 10 1399.3 112.0 4673.0 
TSS 142 20 3056.0 158.0 8720.0 
ClaB Amm N 64 1 7.3 0.0 63.0 
BOD 62 10 2058.7 405.0 7821.0 
TSS 69 20 3862.0 462.0 10064.0 
ClaM Amm N 66 1 6.4 0.0 59.6 
BOD 65 10 988.6 1.0 7452.0 
TSS 65 20 2210.0 12.0 23976.0 
ClaT Amm N 67 1 6.3 0.0 30.0 
BOD 64 10 409.9 4.0 5206.0 
TSS 66 20 960.3 12.0 6476.0 
 
 
3.1.3.2. Dissolved Oxygen (DO) and Mixed Liquor Suspended Solids (MLSS) 
DO and MLSS are known to have a direct relationship with one another, and are 
important sewage control parameters. On the basis of this, they were analysed in 
relation to their effect on the removal of amm N in the system.  
The concentration of DO in the aerobic zone was variable, until the end of the 
experiment (Figure 3.8), when it was at the lowest boundary of perceived 
acceptable concentrations for good treatment, for an extended period of time. 
A weak negative correlation between DO and MLSS was observed (Figure 3.9). A 
higher concentration of DO in the aerobic zone contributed to lower levels of 
MLSS, however, during periods of system failure, particularly pump failure, high 
concentrations of solids accumulated in the aerobic zone. However, this did not 
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affect DO levels, as the direct feed air pump was able to respond with a higher air 
flow rate. 
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Figure 3.8 Scatterplot of DO in the aerobic zone over the 653 day sampling period, showing high 
variability throughout the sampling period and consistently lower concentrations at the end of the 
experiment. The solid line represents the mean value for DO throughout. 
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Figure 3.9 Relationship between MLSS and DO in the aerobic zone, from sampling data taken over 
653 day, determined by regression analysis. Regression shows a weakly negative correlation 
between MLSS and DO. 
 
3.1.3.3. Clarifier Performance 
Concentrations of TSS in the clarifier were relevant to the removal of TSS and 
BOD from the influent. Overall, concentrations of TSS reduced between the bottom 
r = 0.2775 p<0.001 
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of the clarifier and the top of the clarifier, as previously shown in Table 3.3. The 
differences between the median concentrations in the bottom and middle of the 
clarifier (Figure 3.10), but fluctuation in TSS concentration was greatest in the 
middle of the clarifier. This represents changes to the sludge blanket over the 
sampling period, which varied in accordance with factors such as system failure, 
SRT and control of MLSS in the aerobic zone. 
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Figure 3.10 Concentrations of TSS at the bottom and in the middle of the clarifier, showing a 
slightly lower median concentration of solids in the middle of the clarifier over the entire monitoring 
period. TSS concentration in the middle of the clarifier, was, however, more variable than that in the 
bottom, representing changes to the sludge blanket over time not reflected in the bottom of the 
clarifier, which was more stable. 
 
3.1.3.4. Total Oxidised Nitrogen (TON) 
TON measures the combined concentrations of nitrite (NO2-) and nitrate (NO3-) in a 
sample. Levels of TON in the anoxic and aerobic zones were relevant to 
nitrification processes in the BESST. In the anoxic zone (Figure 3.11a), high 
concentrations of amm N corresponded with low concentrations of TON. This was 
also particularly evident in the aerobic zone, suggesting that nitrification was either 
on or off (Figure 3.11b) in this zone. TON concentrations in the anoxic zone ranged 
between 0 mg/L and 16 mg/L, however, levels of nitrite ranged from 0 mg/L to 2 
mg/L, and for a greater frequency of the time were present at 0 mg/L (Figure 
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3.12a). Because the value given for TON is contributed to by nitrite and nitrate, 
from these data it is evident that the majority of the TON present in the anoxic zone 
over the study was nitrate. This is important, as nitrate is the substrate for 
denitrification, which is known to take place in anoxic sections of treatment plants. 
In the aerobic zone (Figure 3.12b), the majority of TON was also present as nitrate 
This suggests that nitrite was produced in the aerobic zone as a consequence of the 
first stage nitrification, and quickly converted to nitrate (during the second stage of 
nitrification), where it was cycled into the anoxic zone via the bottom of the 
clarifier and the RAS. 
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Figure 3.11 Ammoniacal nitrogen against TON in the anoxic (a.) and aerobic (b.) zones, from 
sampling data taken over 653 days. In the aerobic zone, levels of ammoniacal nitrogen rose as levels 
of TON decreased, which was also reflected in the anoxic zone, suggesting that nitrification in these 
areas was either ‘on’ or ‘off’. 
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Figure 3.12 Frequency of nitrite concentrations in the anoxic and aerobic zones, from sampling data 
taken over 653 days, showing that levels of nitrite in both areas were consistently low compared to 
those of ammoniacal nitrogen or TON, for example, and were more frequently at 0 mg/L than any 
other value. 
 
3.1.3.5. pH level and Temperature in the Influent 
Nitrifying bacteria are known to be affected by pH level and temperature. Therefore 
the temperature and pH was assessed in relation to impact on the biomass of the 
system. Figure 3.13 shows that good effluent concentrations of amm N were 
achieved between a pH of 7, up to a pH of 9. However, effluent concentrations 
fluctuated, suggesting that the pH of the influent had little impact on the overall 
treatment of amm N. Between the influent and the aerobic zone, pH reduced from a 
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mean value of 7.79 to 7.12 (Figure 3.14), suggesting an effect of the system was the 
stabilization of higher pH levels towards neutrality.  
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Figure 3.13 Effluent ammonical nitrogen against influent pH, from sampling data taken over 653 
days, showing the range of pH levels measured in the system and no identifiable relationship 
between these and levels of ammoniacal nitrogen treatment overall. 
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Figure 3.14 pH in the influent and aerobic zone, from sampling data taken over 653 days. Mean 
values are represented by solid lines. This graph shows that influent entered the system at a higher 
pH level than the mean pH level found in the aerobic zone, suggesting a buffering effect in the 
anoxic zone. 
 
Temperature remained similar throughout all areas of the system at any one given 
sampling session (Figure 3.15), both during summer and winter periods. 
Fluctuations in influent temperature did not appear to transfer to other areas of the 
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system. Winter periods, and therefore colder temperatures, did appear to contribute 
to poorer effluent quality, discussed in greater length in the following section. 
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Figure 3.15 Temperature throughout the system, from sampling data taken over 653 days. Dotted 
lines represent the start and finish of winter periods, which are assigned according to dates 
determined in Section 3.2 by analysis of effluent ammoniacal nitrogen concentrations. 
 
3.1.4. System Profile – Microbiological Characteristics 
3.1.4.1. Most Probable Number (MPN) Count Data 
Biological nutrient removal is known to be performed particularly by three groups 
of bacteria of the same phenotype – those performing oxidation of ammonia, those 
performing oxidation of nitrite and those performing denitrification. Media specific 
to the enumeration of ammonia oxidising bacteria, nitrite oxidising bacteria and 
denitrifying bacteria were used to track populations in the BESST over the 
sampling period. The MPN test is based on the presence/absence of growth and is 
used to monitor populations over an extended period of time. 
Figure 3.16 shows bacterial count data obtained from all areas of the system, 
analysed together (a), and solely from the aerobic zone (b). In both instances, clear 
and constant fluctuations around the mean are shown, with ranges from 0 cells/mL, 
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to 10.76 cells/mL. This is consistent with the variability seen in other parameters 
analysed in the system and suggests that nitrifying populations in the system were 
variable in nature. In both graphs, levels of AOB and NOB are similar to each 
other, particularly in the aerobic zone. This is supported by regression analysis 
(Figure 3.17). The regression analysis indicates that there is a stronger correlation 
between populations of nitrifying bacteria in the aerobic zone (b), than in all areas 
of the system analysed together (a). This suggests there is a correlation between 
nitrifying populations throughout the system, and not just in the aerobic zone. 
In the anoxic zone, the mean values for both groups of bacteria are lower than in 
the aerobic zone, but are very close to one another – the AOB have a mean log 
count per mL of 6.68, and the NOB have a mean log count per mL of 6.68. The 
range of nitrifying bacteria in the anoxic zone is similar to that seen in the aerobic 
zone. A regression analysis (c) of nitrifiers in the anoxic zone also shows a clear 
trend, in which levels of the two groups of bacteria are closely linked. It was not 
possible to directly link the fluctuations in MPN population counts to fluctuations 
in any other parameters. 
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Figure 3.16 Populations of nitrifying bacteria in the whole system (all zones combined) (a.), the 
aerobic zone (b.) and the anoxic zone (c.) from sampling data taken over 653 days. Solid lines 
represent mean values of AOB and NOB counts, as labelled. These data show fluctuation around the 
mean for both groups of bacteria in all graphs. 
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Figure 3.17 Relationship between AOB and NOB the whole system (all zones combined) (a.), the 
aerobic zone (b.) and the anoxic zone (c.), determined by regression analysis, showing strong 
correlations between groups of bacteria throughout the system. 
 
r = 0.7906 p<0.001 r = 0.395 p<0.001 7211 p<0. 01 
r = 0.7905 p<0.001 
r = 0.7211 p<0.001 
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In the clarifier, variations in levels of AOB were similar between the bottom and 
middle of the clarifier (Figure 3.18a), and levels of variation between the two 
sample area varied simultaneously - this is represented on the graphs as data points 
from the ClaM and ClaB which are very close together. This suggests that levels of 
homogeneity observed in TSS concentrations between the bottom and middle of the 
clarifier also contributed to stabilising levels of bacteria in these areas. However, 
the same effect was not seen between levels of NOB in the bottom and middle of 
the clarifier (b). These differences were also observed in the top of the clarifier (c), 
where variations of AOB and NOB were not similar. 
Regression analysis between the two groups of bacteria in the bottom and middle of 
the clarifier (Figure 3.19) supported previous observations made regarding 
homogeneity in these areas of the clarifier, as there is low correlation between both 
groups of bacteria. Despite the differences in variation observed between AOB and 
NOB in Figure 3.18c, regression analysis shows a correlation between the two 
groups of bacteria in the top of the clarifier (Figure 3.19c). The lack of correlation 
between groups of bacteria in the clarifier relate to high levels of solids, and as the 
top of the clarifier represents an area of clarified liquid this also explains the 
correlation between AOB and NOB. 
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Figure 3.18 Nitrifying bacteria in the bottom and middle of the clarifier (a and b), and from the top 
of the clarifier (c) from sampling data taken over 653 days, showing similarity between levels of 
ammonia oxidising bacteria in the bottom and middle of the clarifier, which is not evident for nitrite 
oxidising bacteria. Comparison of populations of ammonia and nitrite oxidising bacteria at the top of 
the clarifier also show no similarity. 
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Figure 3.19 Relationship between AOB and NOB in the bottom (a.), middle (b.) and top (c.) of the 
clarifier, determined by regression analysis, showing slight correlation between ammonia and nitrite 
oxidising bacteria at the top of the clarifier, but no relationship between the two groups in the 
bottom and middle of the clarifier. 
 
r = 0.1378 p<0.001 
r = 0.4450 p<0.001 r = 0.1414 p<0.001 
r = 0.4449 p<0.001 
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Figure 3.20 shows counts of denitrifying bacteria compared to those of nitrifying 
bacteria. A similar distribution of denitrifying populations if shown to that of 
nitrifying populations in the entire system (Figure a) and the anoxic zone (Figure 
b), however, it was not possible to determine significant correlations between any 
other bacterial groups and denitrifying bacteria. This supports the idea of 
denitrifying bacteria as a group that transform nitrite and nitrate facultatively, and 
not as a fixed population always present and always performing denitrification. 
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Figure 3.20 Denitrifying bacteria in the whole system (a.) and the anoxic zone (b.), compared to 
populations of nitrifying bacteria, showing similar range of distribution for all three groups of 
bacteria but no close relationship between denitrifying groups and nitrifying groups. 
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3.1.4.2. Molecular Analysis of Isolated Bacteria 
Colonies isolated from MPN plates were streaked in order to isolate bacterial 
strains able to grow on MPN media. DNA was then extracted directly from the 
cultures, subjected to a triplicate PCR reaction which was then combined, and the 
PCR products then electrophoresed on a DGGE gel, alongside an E.coli positive. 
Isolates were run on DGGE gels in order to determine banding patterns of known 
isolates for use in comparison with mixed community samples. 
All isolates ran on DGGE gels presented a higher number of bands than expected 
(Figure 3.22). However, most showed one or two clearly predominant bands. This 
suggests that the isolate samples may have in fact been mixed samples, and the 
higher quantity of bands represent multiple 16S genes in one sample. This is 
supported in some samples by the associated sequencing data, which showed 
heterozygous peaks in the chromatogram (Figure 3.21), that result as a consequence 
of two or more sequences being simultaneously analysed. 
Neighbour-joining diagrams were constructed in order to assess levels of similarity 
between samples run on DGGE gels. AN1 and AN6 were the least similar samples 
in the AN isolate group (Figure 3.23a). Two clusters, or clades, were evident in this 
group, one containing AN6 and AN5, and the other AN4, AN7, AN3, AN2 and 
AN1, sample AN4 was basal to the second clade. The dendogram shows the most 
similar samples within the second clade, and suggests that the samples are closely 
related. 
Figure b shows two main clusters again, with samples AE13 and AE15 basal to the 
second clade. AE1 and AE16 were least similar to the rest of the groups, and a 
considerable difference between sample AE14 and the rest of the group was also 
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observed. AE14 was identified by DNA sequencing as being Proteus penneri, as 
was sample AN1. When referring back to Figure 3.23b a level of difference similar 
to that between AE14 and other members of the AE sample group was identified 
between AN1 and other samples in the AN group, suggesting that Proteus penneri 
was the least similar member. 
 
Figure 3.21 Example of heterozygous peaks in sequence chromatogram. Heterozygous peaks are 
denoted by arrows 
 
A BLAST search (Table 3.3) identified all the sequences presented as being 
microorganisms previously sourced from wastewater, apart from AN1 and AE14 
(which was identified as the aforementioned Proteus penneri, isolated from human 
intestinal flora). F11 was not assigned a species, but, was obtained from anaerobic 
waste as an uncultured bacterium. 
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Sample Location in system BLAST ID  
(Genbank number) 
Isolated from Max ident. 
AN1 Anoxic zone Proteus penneri 
(HQ259933.1) 
Human intestinal flora 96% 
AN4 Anoxic zone Comomonas aquatica 
(HQ292695) 
Activated sludge 99% 
AN5 Anoxic zone Providencia alcalifaciens 
(JF2904961.1) 
Wastewater 96% 
F3 Clarifier foam Aeromonas sp. 
(FJ947056) 
Sewage 99% 
F11 Clarifier foam Uncultured bacterium 
(AB504545) 
Anaerobic wastewater treatment system 92% 
AE2 Aerobic zone Morganella morganii 
(GU003856.1) 
Activated sludge 96% 
AE4 Aerobic zone Alcaligenes sp. 
(GU166294) 
Activated sludge 92% 
AE12 Aerobic zone Bacillus sp. 
(HM567145.1) 
Soil 94% 
AE13 Aerobic zone Achromobacter sp. 
(HQ625223.1) 
Activated sludge 94% 
AE14 Aerobic zone Proteus penneri 
(HQ259933.1) 
Human intestinal flora 96% 
AE15 Aerobic zone Achromobacter sp. 
(HQ625223.1) 
Activated sludge 94% 
Table 3.3 BLAST IDs of sequenced DNA from isolated cultures from the BESST, using PCR products obtained after amplification of the 16S rRNA gene. 
 a. DGGE analysis of PCR products obtained from isolate cultures from the BESST. 
empty (Lane 2), AN1 (Lane 3), AN2 (Lane 4), AN3 (Lane 5), AN4 (Lane 6), AN5 (Lane 7), AN6 
b. DGGE analysis of PCR products obtained from isolate cultures from the BESST. AE16 (Lane 1), 
AE15 (Lane 2), AE14 (Lane 3), AE13 (Lane 4), AE11 (Lane 5), AE3 (Lane 6), AE2 (Lane 7), AE1 
Figure 3.22 DGGE analyses of isolated bacterial samples
foam (‘F’ sample), and the aerobic zone (‘A
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(Lane 8), AN7 (Lane 9), F3 (Lane 10). 
(Lane 8), empty (Lane 9), E.coli (Lane 10). 
, from the anoxic zone (‘AN’ samples) and 
E’ samples). 
 
E.coli (Lane 1), 
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Figure 3.23 Neighbour-joining Euclidian distance dendogram to compare relative similarity 
between sample banding patterns. Length of branch equates to similarity between samples. a. AN 
isolate samples b. AE isolate samples  
 
3.1.5. Changes in Bacterial Community Composition Over Time 
3.1.5.1. Denaturing Gradient Gel Electrophoresis (DGGE) Analysis 
DGGE analysis was applied to PCR products amplified from DNA encoding the 
hypervariable V3 region of the 16S rRNA gene, from isolates obtained from 
samples of DNA extracted directly from sewage samples. Sewage samples were 
taken from different areas of the system at different dates over the sampling period. 
Banding patterns on DDGE gels correspond to differing melting domains of the V3 
region. The melting domains differ according to sequence composition, and 
a. 
b. 
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therefore DGGE gels can be used to analyse changes in bacterial community 
composition, by assessing changes to banding patterns. 
DGGE gels were run with two types of sample. Isolated cultures taken from the 
system were run for use as a reference, and mixed community samples taken 
directly from the BESST were run to assess changes in community structure over 
time, and comparatively in different areas of the system. Mixed community 
samples were run alongside a number of samples from corresponding areas of 
another installed BESST system, commissioned for use by a nursing home in 
Limerick, Ireland. These samples were included for reference and direct 
comparison of differences in community structure. All samples were run alongside 
an E.coli positive, and a positive from the BESST - isolate sample F3, which 
produced a clear band, distinct in position from the E.coli sample. 
Influent and effluent samples were analysed together to assess the differences in 
populations of bacteria entering the system in the influent, and compare them with 
those leaving via the effluent. A direct comparison between influent and effluent 
for sampling day 285 was possible (Figure 3.24, lanes 5 and 11). The banding 
patterns were different, and there were notably fewer bands in the effluent sample. 
Particularly noticeable was the presence of a dense band in the influent, which was 
not seen in the effluent (band c). This suggests that bacteria entering the system via 
the influent, were not subsequently present in the final effluent. 
Lanes 3/4 and 11 show samples from the influent and effluent, taken on sampling 
days 260 and 285 respectively. This time period represents the SRT for the BESST. 
Two bands are present in the effluent which are subsequently also present in the 
effluent 25 days later (bands a). This suggests that over this period, bacteria present 
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in the influent were also present in the effluent, indicating that an aspect of biomass 
was no longer being retained in the system and had been discharged as a result of 
the SRT having been reached. 
Two faints bands were also seen present in the influent on day 260 (band b), which 
persisted in the effluent on day 272 (lane 10), albeit faintly. This band was not 
present in the effluent on day 285. This indicates the presence of a specific group 
which remained over the course of this period. 
Neighbour-joining dendograms were constructed to compare similarity of banding 
patterns in mixed samples. Figure 3.24b shows two main clades for the 
influent/effluent sample group, the first containing a Petersfield and Ireland sample, 
reinforcing the possibility for similarity in community composition between the 
two systems. The second contains the remaining samples, with sample EFF285 as a 
basal sample. Samples EFFIre 2 and InIre, both samples from the Ireland system, 
were shown to bear close similarity, as are two Petersfield samples – EFF 272 and 
IN260. Sample IN285 is also basal to this branch on the diagram. These results 
suggest levels of similarity in the bacterial community both within and between the 
two systems. 
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Figure 3.24 a.DGGE analysis of PCR products obtained from direct sampling from the BESST – 
lanes 3-6 from the influent, lanes 9-13 from the effluent. E.coli (Lane 1), empty (Lane 2), 260 (Lane 
3), day 260 (Lane 4), day 285 (Lane 5), Ireland BESST (Lane 6), empty (Lane 7), empty (Lane 8), 
day 155 (Lane 9), day 272 (Lane 10), day 285 (Lane 11), Ireland BESST (Lane 12), Ireland BESST 
(Lane 13), empty (Lane 14), isolate culture F3 (Lane 15). b. Neighbour-joining Euclidian distance 
dendogram to compare relative similarity between sample banding patterns, for influent/effluent 
samples. Length of branch equates to similarity between samples 
 
In the anoxic and aerobic zones, banding profiles were different between locations 
and over time. Bands 4 (day 260) and 5 (day 285) represent SRT in the anoxic zone 
(Figure 3.25). Band a was present in all lanes apart from the Ireland sample. The 
Influent Effluent 
a. 
b. 
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intensity of this band was weaker at day 260 (lane 4) than days 155 (lane 3) and 
285 (lane 5). This suggests a change in community composition in response to a 
factor other than SRT. 
Band b was present at day 155 and 260, but was not present on day 285, suggesting 
a change in community composition. Bands c1 and c2 were present at days 155 and 
285, but not day 160, suggesting a community aspect which was ubiquitous in the 
system, but was not present in response to unknown factors occurring around day 
160. Band d was an intense band, shown at day 155, which was subsequently not 
seen. This indicates that band d was possibly a community aspect with no major 
role in the system. 
The orange arrows represent similar bands in the Ireland sample which are also 
present in the Petersfield samples. Samples taken from the anoxic and aerobic 
zones contained bands which were similar to bands found in the Petersfield 
samples. Lane 10 shows the Ireland sample taken from the aerobic zone, with low 
diversity compared to the Petersfield samples from the aerobic zone. However, 
there are at least three intense bands in Lane 10, two of which appear to be repeated 
in lane 9, a sample taken from the aerobic zone on sampling day 499. The intensity 
of the bands in Lane 10 indicate high levels of a particular community member, and 
the presence of similar bands in Lane 9 suggests a stable community common to 
both systems. 
Generally, the Petersfield samples taken from the aerobic zone display the same 
level of diversity as those from the anoxic zone. Bands e and f were represented in 
both Petersfield sample and the Ireland sample. Band g was present in both the 
Petersfield samples, but noticeably absent in the Ireland sample. 
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A neighbor joining diagram for the anoxic and aerobic samples (Figure 3.23b) 
shows that most AN samples are contained within the same clade, including the 
Ireland samples, apart from sample AN155 which is in the second cluster with the 
aerobic samples. Samples AN155 is also the least similar to the Ireland sample, 
ANIre. This suggests that anoxic communities are distinct from aerobic 
communities, and that the resolving factor between these two groups are whether 
they were collected from an anoxic or aerobic environment, and not whether they 
were collected from separate systems. 
Samples from the clarifier showed a slightly lower level of microbial diversity than 
the anoxic and aerobic zones, with clearer delineation between bands (Figure 3.26). 
Band a is present throughout the middle and top of the clarifier over three dates, 
and its intensity appears to deepen over time, maybe indicating the presence of a 
dominant population. There is a five day separation between lanes 4 (day 260) and 
5 (day 265), and both samples have a similar banding pattern, aside from one band 
which is shown in group f, which appears to disappear entirely. This indicates a 
largely stable community composition with dynamic aspects. 
Band b deepens in intensity over the same 5 days, and does not appear in the 
following sample. However, it appears to be very faintly present in lanes 9 and 10, 
which are samples from the top of the clarifier taken at days 155 and 285. This 
suggests the movement of a community aspect from the middle of the clarifier to 
the top of the clarifier, which was likely to be associated with TSS, and during the 
process of solids clarification was reduced in quantity. 
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Figure 3.25 a. DGGE analysis of PCR products obtained from direct sampling of the BESST – 
lanes 3-6 from the anoxic zone, lanes 8-10 from the aerobic zone. E.coli (Lane 1), empty (Lane 2), 
day 155 (Lane 3), day 260 (Lane 4), day 285 (Lane 5), Ireland BESST (Lane 6), empty (Lane 7), 
day 449 (Lane 8), day 499 (Lane 9), Ireland BESST (Lane 10), empty (Lane 11), isolate culture F3 
(Lane 12). b. Neighbour-joining Euclidian distance dendogram to compare relative similarity 
between sample banding patterns, for anoxic/aerobic samples. Length of branch equates to similarity 
between samples 
 
Band c is present throughout four samples, and is shown as being more intense in 
the top of the clarifier. It becomes fainter over time in the middle of the clarifier, 
and is no longer present in the top of the clarifier by day 285. This suggests the 
Anoxic zone Aerobic zone 
a. 
b. 
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movement of a population from the middle of the clarifier to the top of the clarifier, 
with some accumulation in the top of the clarifier before leaving the system. 
Similarly, band d is present in both areas of the clarifier but is stronger in lane 9 
(ClaT, day 155). It grows considerably fainter in the middle of the clarifier over 
time. Band e is also present in three samples, but is stronger in the top of the 
clarifier. 
Band f was a component throughout the clarifier for some time. It is predominant 
until day 260 in the middle of the clarifier. It is present on day 155 strongly, in both 
areas of the clarifier. Band d in the anoxic zone gel (Figure 3.25) shows a very 
similar band on day 155, which is no longer present at day 260. This indicates the 
presence of a dominant community, which was also being cycled through the 
system. 
Figure 3.26c shows two clades, one with a basal ClaM sample and one with a basal 
ClaT samples. This suggests less distinct differences between ClaM and ClaT 
samples, compared to those between anoxic and aerobic samples. 
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Figure 3.26 a. DGGE analysis of PCR products obtained from direct sampling of the BESST –lanes 
3-7 from the ClaM, lanes 9 and 10 from the ClaT. E.coli (Lane 1), empty (Lane 2), day 155 (Lane 
3), day 260 (Lane 4), day 265 (Lane 5), day 272 (Lane 6), day 285 (Lane 7), empty (Lane 8), day 
155 (Lane 9), day 285 (Lane 10), empty (Lane 11), isolate culture F3 (Lane 12). b. Neighbour-
joining Euclidian distance dendogram to compare relative similarity between sample banding 
patterns, for ClaM/ClaT samples. Length of branch equates to similarity between samples. 
 
3.1.6. Phosphorus Removal in the BESST 
Phosphorus removal trials were performed in the BESST to try and encourage the 
luxury uptake of polyphosphate by microorganisms. This was done by increasing 
the quantity of volatile fatty acids (VFAs) in the system, by dosing acetic into the 
anoxic zone. 
ClaT ClaM 
a. 
b. 
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3.1.6.1. Treatment of Phosphorus  
The influent/effluent profile for total phosphorus (Table 3.4) shows that phosphorus 
was reduced in the BESST without any enhancement to the process, for example, 
chemical dosing or carbon source dosing. The mean concentration of total 
phosphorus in the influent was reduced from 16.3 mg/L to 6.6 mg/L. The influent 
nature of phosphorus levels were also variable, with a range of 3.8 mg/L to 41.0 
mg/L. This was also reflected in the effluent concentrations, which were 1.3 mg/L 
to 25.3mg/L. 
Table 3.4 Influent/effluent profile for total phosphorus over the 653 day sampling period 
Total 
Phosphorus 
n Mean Minimum Maximum 
  Concentration (mg/L) 
Influent 71 16.3 3.8 41.0 
Effluent 71 6.6 1.3 25.2 
 
3.1.6.2. Phosphorus Removal Trials 
Two separate phosphorus removal trials were performed. The first was started on 
sampling day 300 for two weeks, with a dosing level of 5 mmol acetic acid (final 
concentration of VFAs in the system) (based on Chen et al., 2004) over a twelve 
hour period. The second trial was started on day 375 with 2.5 mmol acetic acid 
(final concentration) and stopped on day 410. Concentrations of VFAs, 
orthophosphate and total phosphorus were measured. Total phosphorus is a 
measure of all species of phosphorus in the system, i.e. orthophosphate and 
polyphosphate. Orthophosphate represents levels of phosphorus present in the fluid 
fraction of the system, and polyphosphate is phosphorus which has been 
accumulated by bacterial cells. 
122 
 
The first trial was performed over a two week period, however, addition of acetic 
acid resulted in production of high levels of solids (discussed in Section 3.2.4.), 
which made sampling the system difficult. After the first week of the trial, no 
further attempt was made to try and sample the system as the quantity of solids in 
the samples led to non-representative results. 
During the first phosphorus removal trial, regression analysis shows that as VFA 
concentrations increased, the concentration of total phosphorus also increased 
(Figure 3.27). The change to levels of orthophosphate was not conclusive. If 
orthophosphate had decreased with levels of rising total phosphorus, this would 
have been consistent with the biochemical model for luxury uptake – VFA is 
metabolised into polyhydroxybutyrate in the anoxic zone, and consequently 
polyphosphate rises and orthophosphate decreases. 
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Figure 3.27 Relationship between phosphorus and VFAs during phosphorus removal trial 1, for all 
areas of the system, determined by regression analysis, showing a strong correlation between total 
phosphorus and volatile fatty acids when all areas of the system were analysed together. 
 
In the anoxic zone (Table 3.5), VFA levels decreased from 75 mg/L to 43 mg/L, 
orthophosphate in the anoxic zone increased slightly, from 4.7 mg/L to 5.4 mg/L 
r = 0.8473 p<0.001 
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and total phosphorus decreased from 79.0 mg/L to 57.5 mg/L. However, because of 
the problems encountered with the operation of the system, only two reliable data 
points were obtained for each variable. 
In the aerobic zone, orthophosphate was expected to decrease, and the 
accumulation of polyphosphate to increase. Instead, orthophosphate increased from 
2.9 mg/L to 4.5 mg/L, and total phosphorus decreased from 195 mg/L to 76.3 
mg/L. VFA also reduced from 90.0 to 58.0 mg/L. 
During the first phosphorus removal trial, unusually high levels of solids were 
observed, which were removed manually, and these data suggests that some total 
phosphorus was removed from the system with the removed solids. 
Table 3.5 Levels of phosphorus and VFAs in the anoxic zone, during phosphorus removal trial 1 
Area Day Volatile 
FattyAcids 
(mg/)L 
Orthophosphate 
(mg/L) 
Total 
Phosphorus 
(mg/L) 
Anoxic 300 75 4.7 79.0 
 307 43 5.4 57.5 
Aerobic 300 90 2.9 195.0 
 307 58 4.5 76.3 
 
During the second phosphorus removal trial, acetic acid was dosed in lower 
concentrations (2.5mmol) in an effort to reduce the production of sludge. 
Regression analyses were performed in order to compare correlations between 
phosphorus and VFA during the first trial, and phosphorus and VFA during the 
second trial (Figure 3.28). The relationship between total phosphorus and VFAs 
observed during the first trial was repeated in the second trial (a). A slight 
correlation between orthophosphate and total phosphorus was also noted, which 
suggested orthophosphate was beginning to rise as total phosphorus increased (b). 
This was not consistent with the biochemical model for luxury uptake. 
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Figure 3.28 Relationship between total phosphorus and volatile fatty acids (a.), and orthophosphate 
and total phosphorus (b.) during phosphorus removal trial 2, showing a strong correlation between 
total phosphorus and volatile fatty acids, and no correlation between orthophosphate and total 
phosphorus when all areas of the system are analysed together. 
 
During phosphorus removal trial 2, the mean influent concentration was 20 mg/L, 
compared with a mean effluent concentration of 6 mg/L (Figure 3.29).  
In the anoxic zone, levels of total phosphorus increased sharply from 97 mg/L to 
150 mg/L, a few days after a similar increase in the aerobic zone, from 100 mg/L to 
255 mg/L. These increases did not relate to any corresponding changes in VFA or 
orthophosphate concentrations. Because the increases were not associated with any 
change to orthophosphate concentrations, it is likely they were present as a result of 
r = 0.7981 p<0.001 
r = 0.2144 p<0.001 
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polyphosphate accumulation. The only suggestion made by the data as to why this 
happened is shown in Figure 3.30a, on day 379 where there is an increase in VFA 
levels from 28 mg/L to 117 mg/L. This may have stimulated the uptake of 
polyphosphate in biomass the aerobic zone. The biomass would then have been 
cycled to the anoxic zone, while still containing polyphosphate. 
In the aerobic zone, there was a steady rise in VFA concentrations, from 49 mg/L to 
128 mg/L, which was likely to be an accumulative effect of dosing acetic acid. This 
was not observed in the previous trial, when levels of VFA reduced from 90 mg/L 
to 58 mg/L. Accumulation of VFA in the aerobic zone suggests that it was not 
being metabolised here. The fluctuating levels of VFA in the anoxic zone, however, 
suggests that bacterial metabolism was possible. 
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Figure 3.29 Influent and effluent concentration of total phosphorus during phosphorus removal trial 
2. This graph shows an overall decrease between the influent and the final effluent despite high 
variability in influent concentration. Some variability is translated to the final effluent. Solid lines 
represent the mean values. 
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Figure 3.30 Concentrations of variables relevant to phosphorus removal trials in the anoxic (a.) and 
aerobic (b.) zones during phosphorus removal trial 2. Orthophosphate remains comparatively low in 
both zones next to total phosphorus and volatile fatty acids, which appear to correspond to one 
another in terms of general increase and decrease. However, a peak in total phosphorus in the 
aerobic zone around day 385 (which is not translated to a corresponding peak in volatile fatty acids) 
is not translated to the anoxic zone until day 391. 
 
3.1.6.3. Characteristics of Microorganisms Present During Phosphorus Removal 
Trials 
Over the course of the sampling period, a qualitative analysis was carried out for 
each sample, which included a description of samples as seen under the light 
microscope. Over the course of the phosphorus removal trials, in addition to the 
usual analysis, bacterial smears were prepared and stained with Albert’s stain. This 
stain shows achromatic granules as black inclusions, and cellular material is stained 
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pale blue. Albert’s stain was used to visually determine the levels of polyphosphate 
inclusions in a sample. 
Polyphosphate inclusions were present ubiquitously in all samples taken during the 
trials (Figure 3.31). This was evident in the general biomass to some extent, but a 
notable presence of polyphosphate inclusions was also observed in filamentous 
populations. A general increase in the levels of filamentous organisms was also 
noted, with a variety of growth types, including attached growth (Figure 3.28c). 
This suggests that acetic acid dosing encouraged increased levels of growth of 
filamentous bacteria. In addition, filamentous bacteria were engaged in uptake of 
polyphosphate. This does not necessarily confirm the successful implementation of 
EBPR, but indicates that a population of bacteria can be encouraged to grow in the 
system, which are able to accumulate polyphosphate in excess. 
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a. An example of a sample from the aerobic zone 
before acetic acid dosing 
 
b. Showing the presence of polyphosphate inclusions in  
the general biomass 
 
c. Showing the presence of polyphosphate inclusions 
in filamentous bacteria 
 
d. Showing the presence of polyphosphate inclusions in  
filamentous bacteria displaying attached growth 
 
Figure 3.31 Microbial populations viewed under light microscopy before and during phosphorus 
removal trials. Oil immersion, 100x magnification, Albert’s stain. Polyphosphate granules show as 
small, dark inclusions. 
 
The data produced during phosphorus removal trials indicated that phosphorus 
removal was being enhanced by the dosing of acetic acid. However, the dosing of 
acetic acid into the system resulted in problems, which led to problems monitoring 
fluctuating levels of phosphorus in the system. Enhanced phosphorus removal was 
supported by the presence of filamentous bacteria in quantities not usually 
observed, which were engaged in uptake of polyphosphate. 
 
Polyphosphate 
inclusions 
Polyphosphate 
inclusions 
Attached 
growth 
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3.2. Response to Challenge in the System 
During the course of the monitoring period, two types of change were evident in the 
system. The first was experimental change, which were planned and designed to 
test the limits of the system, some of which were successfully completed and some 
of which were interrupted by the second type of change, which was unforeseen. 
These occurred in response to system failure, or environmental pressure that was 
beyond operator control. Both types of event provided valuable information 
regarding the resilience of processes within the system to disruptive events. 
Over the 653 day monitoring programme, periods of disruption to the system, 
caused by mechanical failure or experimental change, were examined separately. 
Disruption was identified according to fluctuations in effluent amm N (Figure 
3.32). The system was fed by a main pump, which diverted municipal sewage from 
the main sewage works to the BESST. A pump also delivered RAS from the bottom 
of the clarifier to the anoxic zone. Air was provided to the aerobic zone via an air 
pump, and requirements for air in all other parts of the system was provided via 
separate, smaller pump. During Phases 1 and 4, the main pump at the head of the 
works underwent problems, leading to issues with influent content. During Phase 2, 
the pump delivering air to the aerobic zone was not working properly, leading to 
problems with DO control. Phase 3 relates to a period of extended rainfall, and 7 
and 8 relate to periods of seasonal variation. Phases 5 and 6 correspond to 
experimental changes made deliberately in the system (Table 3.6). 
The data obtained from monitoring during these periods was used to assess the 
consequence of system failure on treatment efficiency. 
 Figure 3.32 Phases 1 – 
Winter periods are denoted by dotted lines.
Table 3.6 Description of p
Treatment Phase
1
2
3
4
5
6
7
8
 
Effluent/influent data collected for the assigned phases show fluctuations in mean 
concentration values of 
variable effluent parameter (a)
of the periods of disruption. Effluent levels of 
1, 6 and 8, which relate to main pump failure
and seasonal variation
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8 (Table 3.7) applied to effluent amm N over the 653 day sampling period
 
eriods of disruption 
 Description 
 Pump failure 
 Air flow failure  
 High rainfall 
 Pump failure 
 Acetic acid dosing trials
 SRT adjustments after period of 
decommission 
 Unstable treatment associated with 
temperature 
 Unstable treatment associated with 
temperature 
amm N, BOD and TSS (Figure 3.33). Amm N
 with mean values that did not reach consent for any 
amm N were highest during Phases 
 (23 mg/L), changes to SRT
 (20 mg/L). Effluent BOD (b) and TSS (c) were also at their 
N
. 
 
low 
low 
 was the most 
 (17 mg/L) 
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highest mean concentrations during Phase 1, with BOD at 102 mg/L and TSS at 
226 mg/L. was also more variable than BOD overall. 
Phase
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Figure 3.33 Mean values of amm N (a.), BOD (b.) and TSS (c.) for each phase, representing 
separate periods of disruption to the system. 
 
132 
 
3.2.1. Pump Failure 
Between days 1 and 40, problems with the pump delivering waste to the system 
from the top of the sewage works led to poor treatment, and subsequently poor 
effluent concentrations of amm N, BOD and TSS. As shown in Figure 3.34, all 
parameters were out of consent for the duration of Phase 1, which was consistent 
with high visual levels of solids in the clarifier and the aerobic zone. Levels of TSS 
in the anoxic zone were also very high at this time, fluctuating between 3112 mg/L 
and 8392 mg/L, high above the average of 1853 mg/L. 
The system showed similar above average concentrations of amm N in each zone, 
and BOD was also out of consent in the effluent at levels of up to 194 mg/L. While 
all effluent parameters were high throughout Phase 1, a decrease was observed 
towards the end. This is particularly evident for BOD at day 15, where there was a 
reduction from 194 mg/L to 117 mg/L at day 29, and then at day 40 a further 
reduction to 45 mg/L. Similarly, a reduction from 326 mg/L on day 29 to 218 mg/L 
on day 40 was shown for TSS. This indicates that the system was beginning to 
recover at this time. 
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Figure 3.34 Effluent parameters for Phase 1 (reference lines represent consent levels), 
demonstrating high effluent ammoniacal nitrogen, solids and biochemical oxygen demand 
concentrations. 
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Phase 4, the second pump failure event, represents a period during which the main 
pump was not functioning well, which resulted in disruption (Figure 3.35). The 
system was able to maintain effluent of a reasonable quality up until day 295, 
where there was an increase in effluent concentrations of TSS from 19 mg/L on day 
293 to 35 mg/L, and then to 68 mg/L on day 300. On this day, which was the last 
day sampled during Phase 4, amm N and BOD were also present in higher 
concentrations – amm N at 20 mg/L and BOD at 68 mg/L. 
Unusually, at the start of Phase 4, the anoxic zone contained flocculant biomass, 
which looked very similar to healthy biomass from the aerobic zone. This 
phenomena did not occur again during the sampling period, and may have been as a 
result of cycling from the aerobic zone. This would have indicated that the SRT 
was set at too high a rate.  
The end of Phase 4 was a period of visually high levels of sludge in the clarifier. 
Also observed was the presence of pinpoint sized balls of grease, associated with 
large numbers of protozoa. Increased sludge and the presence of grease coincided 
with the increase in TSS and BOD effluent concentrations already observed, and 
indicates increased growth of heterotrophic bacteria in the system. 
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Figure 3.35 Effluent parameters for Phase 4 (reference lines represent consent levels), 
demonstrating variable levels of ammoniacal nitrogen, biochemical oxygen demand and solids 
which were largely within or at consent until day 295. 
 
Figure 3.36 shows erratic levels of amm N in the anoxic zone from day 275 to day 
295, corresponding with a rise in DO and a gradual rise in NO2-. Raised levels of 
DO in the anoxic zone corresponding with decreased concentrations of amm N and 
nitrite suggest that nitrification may have begun to occur in the system. This is 
consistent with the presence of flocculant biomass in the anoxic zone. 
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Figure 3.36 Amm N, NO2- and DO in Anoxic Zone for Phase 4, showing unusual peaks in dissolved 
oxygen concentration around day 280 which may have contributed to nitrification and therefore 
been responsible for the subsequent peaks in nitrite. 
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3.2.2. Air Flow Failure 
During Phase 2, the main blower which delivered air to the aerobic zone was not 
performing properly, which led to difficulties in the control of DO in the aerobic 
zone. 
Figure 3.37 shows that all parameters started Phase 2 in high concentrations, and 
remained unstable throughout. TSS appeared to be affected more than amm N and 
BOD, which was unexpected – because of poor levels of control over DO, it was 
thought that nitrification may suffer and amm N would rise sharply as a result. 
However, the high levels of TSS observed in the effluent (up to 90 mg/L on day 85) 
related to a high build up of MLSS in the aerobic zone as a consequence of low and 
erratic levels of DO (Figure 3.38). During Phase 2, DO fluctuated between 0 mg/L 
and 7 mg/L, but generally remained below 1 mg/L. MLSS reached 7204 mg/L, 
considerably over the limits within which MLSS was normally maintained (2000 
mg/L – 3000 mg/L). 
97.595.092.590.087.585.0
90
80
70
60
50
40
30
20
10
0
Sampling Day
C
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/
L
)
1
10
20
Amm N
BOD
TSS
Effluent
 
Figure 3.37 Effluent parameters for Phase 2 (reference lines represent consent levels), showing all 
parameters out of consent for the duration of the disruptive phase, but beginning to stabilize at day 
97. 
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Figure 3.38 Dissolved oxygen and mixed liquor suspended solids concentrations in the aerobic zone 
during Phase 2, showing erratic oxygen levels at this time and steadily increasing solids 
concentrations. 
 
3.2.3. Extended Periods of Rainfall 
Phase 3 began was associated with a period of heavy rainfall and high winds. Parts 
of southern England experienced above average levels of rain fall over three days. 
During this period, a tornado was also reported in Hampshire (retrieved 14th April 
2011, from the Met Office website http://www.metoffice.gov.uk/climate/uk/ 
2006/november.html). 
Phase 3 began with a 20 day period of good treatment, followed by instability from 
day 175 and eventual return to low effluent concentrations by day 337 (Figure 
3.39). After day 175, effluent was murky, turbid and green in colour. 
In the aerobic zone, MLSS fluctuated between 158 mg/L and 4948 mg/L (Figure 
3.40). This resulted in poorly controlled concentrations of DO in the aerobic zone, 
which ranged from 0.3 mg/L to 10.8 mg/L. This represented a serious problem for 
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system control, as it was not possible to control either MLSS or DO in the aerobic 
zone. 
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Figure 3.39 Effluent parameters for Phase 3 (reference lines are consent levels for amm N, BOD 
and TSS respectively), showing variable levels in all parameters. Ammoniacal nitrogen was not 
within or at consent for the majority of Phase 3, and levels of biochemical oxygen demand and 
solids were also above consent between days 175 and 230. 
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Figure 3.40 DO and MLSS concentrations in the aerobic zone during Phase 3, showing very erratic 
concentrations in both parameters throughout this period. 
 
During Phase 3, some sampling parameters were present at static levels in different 
areas of the system (Figure 3.41). This had very serious implications for treatment 
in the system, as it suggests no differences to concentrations of these parameters 
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were being made throughout the BESST, and therefore that no biological 
transformations were taking place. 
Concentrations of amm N in the anoxic zone between day 175 and day 337 
followed the increase displayed in the influent (Figure 3.41a). Levels of NO2- in the 
anoxic zone remained low. Levels of amm N in the aerobic zone followed those in 
the anoxic zone very closely, and after day 200 effluent concentrations of amm N 
were also very similar to those observed in the anoxic and aerobic zones.  
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Figure 3.41 Levels of amm N and NO2- levels in the anoxic and aerobic zones, compared to effluent 
concentrations (a.), and concentrations of amm N and NO2- in the clarifier compared to the effluent 
(b.) during Phase 3. The arrows identify samples which demonstrated similar concentrations of key 
variables in all areas of the system at the same time, i.e. concentrations were static throughout the 
system. 
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There are nine points throughout Figure 3.41a where the effluent, aerobic zone and 
anoxic zone have similar values for amm N, and these are denoted by arrows. Of 
these nine, six are also evident for samples taken from all three areas of the clarifier 
(Figure 3.41b), suggesting that throughout Phase 3, there was a homogenous 
environment throughout the system, with very reduced levels of biological or 
chemical transformation of the waste taking place throughout the system. 
3.2.4. Acetic Acid Dosing Trials 
The dosing of an additional carbon source into wastewater treatment systems is a 
method used to encourage the metabolic activity of microorganisms able to perform 
luxury uptake of phosphorus. Volatile fatty acids (VFAs) are widely used for this 
purpose, and are present in wastewater naturally to some degree as important 
microbial metabolites. Acetic acid, as the most simple saturated volatile fatty acid, 
is generally used. However, because the dosing method relies on the manual 
increase of VFAs in a system, it is important to identify any cost to the system as a 
result of the direct application of additional chemicals.  
Phase 5 represents a period of non-compliance, which occurred in direct relation to 
acetic acid dosing. Acetic acid dosing began on day 300, and a negative impact was 
observed on the system by day 302. Effluent concentrations of TSS and BOD were 
affected more than amm N concentrations, which were still within consent limits 
for the majority of the time. Effluent TSS fluctuated between 11 mg/L and 113 
mg/L, and BOD concentrations ranged from 3 mg/L to 55 mg/L (Figure 3.42). 
The effect of acetic acid dosing was largely reflected in TSS and BOD levels 
because of the growth of large quantities of filamentous bacteria, subsequent to the 
start of the dosing trial. They contributed to high quantities of bulking and sludge 
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development in the clarifier, and foaming in the aerobic zone (Figure 3.43). This 
was reflected strongly in the middle of the clarifier, where levels of solids were 
above the mean and similar to concentrations of TSS in the bottom of the clarifier 
(Figure 3.44). This is because of the nature that bulking solids form in the system, 
which is in large floating chunks, and not dispersed throughout the liquid of the 
system. Therefore the usual sampling method, which was to take 500 mL of liquid 
from each area of the clarifier, would not have contained bulking solids and would 
not be representative of sludge of this nature. 
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Figure 3.42 Effluent parameters for Phase 5 (reference lines represent consent levels), showing 
stable concentrations of ammoniacal nitrogen, the majority of which are within or at consent. 
Biochemical oxygen demand and total suspended solids concentrations were high and often out of 
consent, and increased and decreased simultaneously to one another. 
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Figure 3.43 Biological foaming in the aerobic zone, Phase 5 
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Figure 3.44 Levels of TSS in the clarifier during Phase 5 (reference lines represent mean values 
obtained over the 653 sampling period), showing higher than the mean concentrations of solids in 
the middle of the clarifier, but lower than the mean in the top and bottom of the clarifier, in response 
to acetic acid dosing. 
 
3.2.5. Adjustments to Sludge Retention Time (SRT) 
Sludge retention time (SRT) is an important sewage control parameter, and can be 
used to make alterations to the biomass in a system. For example, shorter sludge 
retention times favour the growth of microorganisms with faster growth rates. 
Whereas this is useful in the control of problematic organisms, such as filamentous 
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types which have slow growth rates, it can also impact on groups with similar 
characteristics that perform desirable processes, for example, nitrifying bacteria. An 
SRT of 23 days was set in the system initially using empirical information obtained 
by the American designers of the BESST. Further, more drastic adjustments were 
also made to try and control the growth of filamentous organisms. 
Adjustments to SRT were incorporated during a period of decline for the system 
(Figure 3.45). The system was decommissioned for two weeks and scrubbed with a 
commercial bleach in order to try and remove populations of filamentous bacteria 
that had accumulated as result of acetic acid dosing. When the tank was re-
commissioned, problems in operation of the pump at the head of the works led to 
problems in startup.  
When the system was finally restarted (sampling day 476), filamentous and 
detergent foam was evident in the aerobic zone, so operators reduced the SRT to 1 
day (on sampling day 485) in order to prevent established growth of filamentous 
communities. This resulted in indications of a failure in nitrification (green 
effluent) and was followed by an increase in effluent amm N concentrations from 1 
mg/L to 20 mg/L on day 492, therefore, SRT was increased to 5 days.  
A 5 day SRT led to an improvement in effluent quality (day 499), with amm N 
effluent concentrations of 14 mg/L, so SRT was increased to 8 days. This led to 
another incidence of high levels of foaming in the system, and consequently the 
SRT was reduced to 5 days. 
This was immediately followed by complete system failure, as a result of the main 
pump breaking down totally. The system was restarted on day 588, but was fed 
primary effluent from the sewage works, instead of municipal sewage, until the 
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pump was due to be fixed. Between day 588 and the end of Phase 6, amm N levels 
fluctuated between 13 mg/L and 39 mg/L, but did not reach consent again. This 
was also true of BOD concentrations, which ranged from 15 mg/L to 178 mg/L. 
TSS reached 320 mg/L in the final effluent, with a minimum value of 19 mg/L. 
These results show that the system was unable to produce good effluent quality 
while being fed with primary effluent. 
650600550500
350
300
250
200
150
100
50
0
Sampling Day
C
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/
L
)
1
10
20
Amm N
BOD
TSS
Phase 6
 
Figure 3.45 Effluent parameters for Phase 6 (reference lines represent consent levels), showing 
considerable levels of disruption to all three variables, which were out of consent for the majority of 
sampling days. 
 
During Phase 6, there was also an increase in the concentration of COD in the 
aerobic zone (Figure 3.46). The large peak was associated with the general peak in 
all effluent characteristics at day 611, and represents a very large increase in 
concentrations, from 2575 mg/L on day 499, to 6900 mg/L. This relates to the 
presence of non-biological foaming in the aerobic zone over the entire course of 
Phase 6, which was present due to the anionic surfactant content of the bleach used 
to scrub the system in order to remove filamentous bacteria. 
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Figure 3.46 COD in aerobic zone for Phase 6, of particular note is the increase before sampling day 
620, which corresponds with considerable disruption to the system and non-biological foaming in 
the aerobic zone, possibly caused by commercial bleach. 
 
3.2.6. Poor Treatment Associated with Low Temperature 
Phases 7 and 8 represent the winter-time monitoring periods of the sampling effort. 
Both are present within the boundaries of other phases of disruption to the system - 
Phase 3 and Phase 6 fall within these periods. The two winters were recognized as 
being extended times of poor treatment, which related specifically to a particular 
season, and so were analysed separately. 
The winter periods are particularly associated with increased levels of effluent TSS 
(Figure 3.47 and 3.48). During both phases there are sharp increases in TSS 
effluent levels, approximately half way through the season. During Phase 7 this 
peak (172 mg/L on day 203) is not associated with any increase in amm N or BOD, 
but during Phase 8, a similar peak (320 mg/L, day 611) is also associated with a 
sharp increase in BOD effluent concentration (178 mg/L). 
It was not possible to show any correlation between concentrations of DO and 
MLSS during these phases, or effluent TSS and temperature. This suggests that 
instabilities in the system at this time were largely contributed to by Phases 3 and 6. 
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Figure 3.47 Effluent parameters for Phase 7 (reference lines represent consent levels) showing 
consistent variability in all three key variables, particularly around day 200 where a peak in effluent 
solids was observed. 
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Figure 3.48 Effluent parameters for Phase 8 (reference lines represent consent levels) showing 
consistent variability in all three key variables, but particular disruption is evident for levels of total 
suspended solids in the final effluent, which peak considerably at day 610. 
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4. Evaluation of Experimental Data 
 
The tests applied to the samples taken over the course of the sampling period 
enabled the examination of removal of ammoniacal nitrogen (amm-N), biochemical 
oxygen demand (BOD) and total suspended solids (TSS). The BESST was shown 
to produce good levels of treatment throughout the sampling period. Over the 
duration of the sampling period it became evident that the influent flow delivered to 
the BESST was regularly high in levels of BOD and TSS, compared to the UK 
average for strength of wastewater, which is 350 mg/L for BOD and 400 mg/L for 
TSS (Gray, 1999). Diurnal sampling trials of the Petersfield influent flow, one 
which was performed prior to the sampling period and one which was performed 
during the monitoring scheme, confirmed that the highest strength waste was 
evident between 0700 and 1100 hours. This meant that the system was assessed in 
relation to the highest concentration of waste delivered to the treatment works as 
opposed to the lowest, which further tested its capability. Because influent 
concentrations of BOD and TSS were variable, however, treatment of less 
concentrated waste strengths was also assessed. Poor results were generally 
produced as a result of mechanical failure or the introduction of experimental 
changes. 
4.1. Reduction of Biochemical Oxygen Demand and Total 
Suspended Solids 
Initial assessment of influent BOD concentrations showed that BOD and COD were 
closely related in the system. The influent showed a ratio of COD concentration to 
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BOD concentration of 3:1, which was high for untreated wastewater in the UK, and 
suggests a higher non-biodegradable component. However, despite this ratio, 
aerobic treatment was still an effective process for the removal of BOD. 
The majority of the requirement for oxygen which is measured by the BOD test 
originates from the solid fraction of the system, rather than dissolved organics, as 
confirmed by comparison of results from BOD and sBOD tests. At periods when 
TSS was low in the system, BOD was also low. However, levels of BOD in the 
system showed no strong correlations with events of system failure. It is possible 
that the removal of BOD in the BESST is an inherently unstable process by nature, 
due to the large levels of variability seen in BOD concentrations, both in the 
influent and throughout the system. 
Effluent levels of BOD and those throughout the system appeared to be related to 
TSS indirectly. This is because the organic material assessed by the BOD test is 
largely contained within the solid phase of waste entering and cycling in the 
system. A quantity of the BOD is also soluble, however, and this is the reason that 
BOD levels do not follow TSS levels exactly. 
BOD was generally more variable throughout the system than TSS. It is interesting 
that BOD, as a parameter, appears to act as a connection to ammoniacal nitrogen 
(amm N) and TSS, and their roles within the system. Amm N is generally 
transformed by microbiological and biochemical action, whereas TSS is removed 
largely by physical processes. BOD is, of course, contributed to by bacterial 
metabolism, but as such a considerable amount of BOD is located within the solid 
fraction of a system it can also be said that it, too, is removed by physical 
processes.  
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The system struggled consistently to reach consent levels for TSS. The angle of the 
clarifier was identified early on as being a major contributing factor to this 
problem. In the Petersfield experimental system the clarifier angle was 49°. This 
led to problems with sedimentation and flow velocity – the sludge blanket 
consequently developed too high in the clarifier, and solids were carried over into 
the final effluent. Newer systems have subsequently been installed with clarifiers 
that have a wider angle, producing a slower upflow velocity and a lower sludge 
blanket. 
This issue represented an opportunity to examine the system under high solids 
conditions, which it was never meant to operate under. Large changes in the levels 
of solids throughout the system generally gave rise to problematic results. Solids 
represent a large physical element of a system, they have mechanical impact and 
are comprised of flocculant materials responsible for supporting functional bacterial 
communities of the system (Bratby, 2006). 
On a number of occasions a rising sludge blanket was also associated with visual 
identification of rising bubbles in the clarifier. It was suggested that heterotrophic 
denitrification may have been taking place in the clarifier instead of the anoxic 
zone, as predicted. However, there was no experimental data to support this theory. 
The presence of communities of filamentous bacteria in the system also contribute 
to problems with effluent levels of TSS, as they are a major cause of bulking and 
foaming, which produces physical elements that are carried over the weir into the 
final effluent. Such problems are common in activated sludge plants operating at 
higher retention times (Kämpfer, 1997). 
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TSS was also an important visual indicator of the health of the system, and the 
consequent behaviour of some aspects of treatment were generally predictable for 
this reason. For example, the presence of flocculant material in the anoxic zone was 
extremely unusual, and did on one occasion precede a considerable system upset 
due to accumulated solids. On this occasion, the presence of established floc in the 
anoxic zone was probably a result of pump failure and peculiarities of the influent 
entering the system immediately afterwards – it was noted that there was a large 
aggregation of grease on the surface of the clarifier. 
4.2. Nitrogen Cycling in the BESST 
At a steady state, the system was able to remove up to 75% of nitrogen from 
Petersfield sewage. The system met the consent for amm N 90% of the time. 
Periods in the dataset when consent was not met relate to operational difficulties 
and experimental cycles. However, recovery was usually fast – nitrification rates 
generally recovered within a couple of days. 
Amm N was the most responsive of the three major analysis parameters. This can 
be explained in a number of ways. Compared to BOD and TSS, amm N is 
transformed by more factors, many of which can act independently of one another, 
and is the precursor to most nitrogen-containing compounds in the system. For 
example, a range of bacteria can convert amm N, and amm N is also chemically 
accessible enough for variables other than microbial ones to transform it (Hardman, 
1993). This may be a contributing reason as to why amm N treatment was so 
reliable overall, despite inlet concentrations being both high and consistently 
variable. 
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Nitrogen entered the system as amm N, and was subsequently transformed into 
TON in the anoxic and aerobic zones by nitrification. The influent fed directly into 
the anoxic zone, and as there were negligible levels of TON in the influent, TON 
must have been cycled in from the rest of the system or was produced by bacterial 
communities located in the anoxic zone. 
The majority of the TON present in the anoxic zone was NO3-, rather than NO2-, 
and when levels of NO2- were low in the anoxic zone, they were also generally high 
in the aerobic zone. 
Concentrations of TON in the clarifier were similar between all three levels. This 
was expected, as no biological activity was expected to be taking place in the 
clarifier in any notable levels, only separation of solids. 
The nature of inlet concentrations of amm N can also be accounted for. Municipal 
waste can have a high inorganic content, introduced by industrial chemicals, 
depending on the nature of businesses in the surrounding area. Waste containing a 
high proportion of inorganic chemical content, which subsequently enters a small 
treatment works, has a far greater impact than on a large treatment works. The 
facility at Petersfield had a treatment p.e. of 20,000, which can be regarded as a 
small wastewater treatment works. The issue of size can also be extended to the 
BESST itself, which was designed for a very small p.e. of 100. Delivery of waste to 
the BESST was controlled via means of flow rate judged acceptable for the system, 
but the impact of a variable waste is likely to be more evident within a physically 
small treatment capacity. In a smaller facility, there is comparatively less biomass 
and less physical area to come into contact with the treatable waste available in an 
influent stream. 
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4.3. Phosphorus Cycling in the BESST 
The BESST was shown to be able to reduce influent quantities of phosphorus 
without enhancement from a mean value of 16.3 mg/L, to 6.6 mg/L in the effluent. 
In an attempt to improve effluent quality further, an acetic acid dosing effort was 
employed to encourage polyphosphate accumulation in bacteria in the system. Two 
trials were performed, with different concentrations of acetic acid. 
Despite treatment during the first trial being comparatively poor, there was still a 
difference in levels of orthophosphate between the anoxic zone and aerobic zone 
which was more marked on day 300 (anoxic zone, 4.7 mg/L, aerobic 2.9 mg/L). 
However, this cannot be attributed solely to biological activity, as a reduction in 
total phosphorus is generally seen as a result of solids removal (Aguilar et al., 
2002). The addition of acetic acid also appeared to result in a general overgrowth of 
filamentous bacterial populations (as seen under the microscope) and increased 
amounts of sludge throughout the system. The first phosphorus removal trial took 
place during Phase 5, which was a period of poor treatment and followed a period 
of pump failure, which may have contributed to this. As well as the capacity for 
high levels of solids to mask representative levels of physico-chemical parameters 
in the system, the manual control and removal of this sludge could be used to 
explain the reduction in phosphorus. This is also true of day-to-day operation of the 
system when sludge was wasted. 
Levels of orthophosphate in the system were not consistent with biological 
phosphorus removal, during which it would be expected that orthophosphate 
concentrations would be lower than polyphosphate in the anoxic zone, and higher 
than polyphosphate in the aerobic zone. The same can be said of the levels of VFA 
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in the anoxic zone, which should have decreased in response to the accumulation of 
VFA by bacteria. Both of these parameters would be expected to fluctuate 
according to the biochemical model for EBPR (Oehmen et al., 2007). 
Trial 2 was performed during a far more stable period for the system than Trial 1. 
Because of this, the trial continued for a longer period of time, and was monitored 
more closely. Again, the system produced a general reduction in levels of 
phosphorus and phosphates, but a tendency toward biological phosphorus removal 
was illustrated by the results. An unusual peak in total phosphorus levels was 
observed in the aerobic zone on sample day 386, which was repeated in the anoxic 
zone on sample day 391. The initial peak in the aerobic zone was consistent with 
non-typical results in the clarifier for VFA and total phosphorus. This peak could 
have corresponded to a large release of total phosphorus into the aerobic zone and 
anoxic zone on two separate occasions, or release into the aerobic zone which was 
subsequently cycled back into the anoxic zone. However, levels of orthophosphate 
were not recorded as having changed considerably. It is possible that such a peak in 
total phosphorus could have been caused by an increase in levels of polyphosphate. 
Another possibility is the release of phosphorus as a result of extensive bacterial 
cell death, however, a lack of general change in the system suggests that this would 
probably not be the case – such a large quantity of cell death within a defined time 
period should have been reflected in other effluent parameters in response to the 
overall effect of this on the system. This finding warrants further investigation but 
suggests that biomass within the system could have been, at that point, capable of 
the accumulative uptake and release of phosphorus. At day 385, total phosphorus 
was high in the top of the clarifier, but these high concentrations were not 
subsequently recorded in the final effluent. This suggests that these high levels of 
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phosphorus did not pass over the weir into the final effluent pipe. It is possible that 
it was contained within floc or biomass which was retained within the system. 
From these results a number of conclusions can be drawn. In order to encourage 
optimum removal of phosphorus from the system, whether biologically or via 
physico-chemical mediation, the entire system should be operating in a steady state. 
Although further investigation is required, it would seem that a lower concentration 
of acetic acid is required initially, to initiate the luxury uptake of phosphorus, but 
prevent overgrowth of heterotrophic populations, and high solids accumulation 
which lead to inefficiencies in monitoring. 
4.4. Challenges to System Performance 
‘System failure’ was a difficult concept to assess during data analysis. It was 
therefore hard to define a section of data as being failure data. This was due to a 
number of factors. The system was highly reactive to a variety of parameters, 
changes to which occurred hourly, daily and weekly. Certain aspects of the system 
were highly interdependent on a number of levels (i.e. chemically, spatially, 
temporally). Failure was also evident in response to experimental changes, as well 
as unforeseen circumstances. 
For the purposes of data analysis, therefore, system failure was identified in 
response to challenges to the system, as being an event/events immediately 
preceding or obviously contributing to failure of sustained good treatment, either 
chronic or acute, directly or indirectly. The data was split into phases which 
represented periods of turbulence during treatment, or periods of unsteady state, 
based on effluent amm N concentrations. Phases were also assigned in relation to 
observations made during sampling in the field (Appendix B). 
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4.4.1. Pump Failure 
Instances of pump failure occurred when the main feed to the system was 
interrupted by the breakdown of the pump located at the top of Petersfield sewage 
works. During the sampling period there was contrast between instances of pump 
failure. Phase 4 appeared to have a more negative impact than Phase 1, and differed 
considerably as peaks in effluent concentrations were not associated with visually 
high levels of solids, but instead, with large quantities of grease. This grease was 
present as small, spherical balls which rose to the top of the clarifier, and collected 
in the corners of the anoxic zone and aerobic zone. It is possible that a problem 
with the inlet of the sewage works at the screens, or during primary sedimentation, 
led to an accumulation of grease in the system via the influent. It is also a 
possibility that an unusual quantity of industrial waste entered the sewage works, 
and contained a large quantity of detergent or oily substance. With regard to the 
nature of the grease, a peak in effluent COD was evident, which was not present for 
BOD. This suggested the entry of an unusual influent component into the system, 
which led to the buildup of grease. 
The most noticeable effect that pump failure had on the system was the impact of 
levels of TSS. During periods of failure, TSS was out of consent for the majority of 
the time, and took the longest time to stabilise out of the three main effluent 
parameters. During failure, however, solids were still reduced throughout the 
system, and the clarifier retained heterogeneity with regard to differentiation of the 
bottom, middle and top. Of all three main parameters, the most stable was BOD, 
particularly in the bottom and middle of the clarifier. 
Generally, the bottom and middle of the clarifier were more robust than the top 
during instances of mechanical failure. Changes in levels of TSS in the top of the 
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clarifier did not appear to correlate with those in the effluent. This may be 
accounted for by a higher sludge blanket, which could have skewed results and 
given a non-representative sample of the nature of the stream leaving the system via 
the weir. 
4.4.2. Air-flow Failure 
Failure of the pump that delivered air to the BESST did not result in an absence of 
DO in the aerobic zone entirely, although DO concentration was erratic. Instead, 
failure was characterised by the presence of a large amount of dead sludge rising to 
the top of the clarifier. Under the microscope this sludge was seen to contain large 
numbers of filamentous populations. The presence of such a high quantity of sludge 
on the top of the clarifier is indicative of biomass death and the retention of intact, 
but dead, microbial cells (Low & Chase, 1999). A large incidence of cell death may 
contribute to sludge production, which in turn would contribute to raise overall 
amm N levels in the system. In this instance, cell death may have been caused by 
unsuitably low levels of oxygen throughout the system. A larger presence of 
heterotrophic populations, e.g., filamentous populations, would raise overall levels 
of BOD. 
The variable DO in the aerobic zone did not appear to have an immediate impact on 
effluent quality. However, the DO in the anoxic zone was adversely affected, and 
was higher than expected on a number of occasions. The presence of DO in 
concentrations higher than 0.5 mg/L in the anoxic zone led to a marked difference 
on the appearance of waste contained there – which began to more resemble waste 
in the aerobic zone, that is, characteristically light brown in colour, thicker, and 
with no noticeable smell. This was unexpected. It would be expected that a large 
amount of dead biomass should lead to a ‘stagnating’ effect, and the 
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microenvironment would become more oxygen-deficient as a result, with the waste 
itself appearing darker in colour and beginning to emit a foul smell. Theoretically, 
it is possible that the healthy contents of the aerobic zone was cycled to the bottom 
of the clarifer, and delivered by the RAS into the anoxic zone, where it thrived for a 
day or so and eventually deteriorated. A much larger impact on the system 
generally, however, should have been observed if this has been the case, as this 
would be known as a system ‘washout’. Washout occurs when the suspended 
growth in an aerobic zone can no longer be supported, and so is cycled throughout 
the system, and eventually discharged completely. 
4.4.3. Acetic Acid Dosing 
During the acetic acid dosing trials, which took place largely during Phase 5, 
effluent amm N was reaching consent the majority of the time. However, the 
addition of acetic acid appeared to have a major disruptive effect during this time. 
At the beginning of the trial, an unintentional air disconnect also occurred, which 
appeared to encourage the production of high solids throughout the system, a high 
sludge blanket which occasionally stretched to the surface of the liquid in the 
clarifier (at times, it was up to 60 cm thick), and the onset of biological foaming on 
the surface of the clarifier, which appeared to be exacerbated by the dosing scheme. 
An air disconnect would have been responsible for the accumulation of some dead 
sludge throughout the system, and the dosing of extra carbon source was likely to 
have led to the outgrowth of heterotrophic bacteria, contributing to the overall 
quantity of the solid phase throughout the system. 
Despite high levels of sludge being clearly visible in the clarifier, this was not 
reflected comprehensively by the data. At the end of Phase 5, there was a large 
quantity of bulking sludge on the surface and it was not possible to take samples. 
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This sludge tended to break off in clumps and spill over the weir in large pieces. 
Therefore the sampling effort did not take into account the level of bulking in the 
system at that time. At this time, biological foaming was also observed on the top 
of the aerobic zone. 
The foaming on the top of the aerobic zone, which was slimy in nature, suggested 
an increase in the population of filamentous bacteria, which was confirmed by light 
microscopy. There was an indigenous community of filamentous bacteria typically 
present in the BESST, which was visible under microscopy over the entire 
monitoring period. A certain quantity of filamentous organisms is useful in a 
system, where it can contribute positively to floc formation (Seviour, 1999). 
However, when growing in large quantities, filamentous bacteria can contribute 
considerably to effluent TSS levels. This is because they can grow in large 
aggregations (Larsen et al., 2008) and if the SRT is high, large pieces of 
filamentous growth can develop and pass over the top of the clarifier into the 
effluent stream. 
The problems associated with the dosing of acetic acid into the system, i.e. bulking 
sludge on the clarifier and biological foaming in the aerobic zone, were never 
resolved. 
4.4.4. SRT Adjustments 
SRT adjustment trials were also affected by other changes in the system that were 
not planned. Throughout Phase 6, during which SRT adjustments were made after a 
period of decommission (the system was restarted on day 588), detergent foaming 
replaced biological foaming in the aerobic zone. This was attributed to the 
decommission, during which the tank was scrubbed (in an effort to remove the 
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biological foaming problem) with bleach containing an anionic surfactant. The 
detergent foaming did not appear to affect effluent amm N throughout Phase 6. 
However, in the aerobic zone, nitrification was poor. Associated high levels of 
solids suggested high levels of heterotrophic bacteria and consequent 
outcompetition of nitrifying bacteria. An alternative possibility is that the typical 
biomass in the aerobic zone was disrupted by the presence of bleach, and 
consequent cell death led to high levels of sludge in the system. However, the 
quantity of dead biomass needed to produce so much sludge would be considerable, 
and considering nitrification did not stall completely, this is unlikely. These results 
suggest a general instability in the system which can be attributed to 
commissioning, and that a baseline steady state in performance had yet to be 
achieved. 
The tank began to recover slowly despite the presence of foam, but crashed when 
the main pump at the head of the treatment works failed. After this, a steady rise in 
all effluent assessment parameters was observed and full recovery was never 
achieved. 
At day 590, the SRT in the system was reduced from around 23 to 5 days, in an 
attempt to slow the growth of filamentous populations responsible for foaming. 
This did not appear to affect the filamentous community as seen under light 
microscopy, so the SRT was then increased to 9 days, in order to prevent negative 
effect on nitrification in the system. 
However, soon after, the main pump to the system failed completely. The decision 
was taken to feed the system with primary effluent from the main works in order to 
prevent complete loss of the system. After this, effluent quality declined rapidly 
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and took on a green colour. This indicated that a primary effluent feed could not 
support the biomass in the system, which had very quickly undergone washout. 
4.4.5. Heavy Rainfall 
During Phase 3, a stall in nitrification associated with high levels of rainfall was 
evident, but BOD and TSS levels were unaffected. The eventual decrease in solids 
appeared to be due to a dilution effect. This also led to high DO in the aerobic zone, 
where it was difficult to control without the benefit of an established MLSS. MLSS 
is a stabilising factor of DO, as it is an estimation of the level of biomass available 
in the system and so relates to the utilisation of DO by microorganisms. 
During Phase 3, the system gave the impression of a slow decrease in treatment 
efficiency from the beginning of the Phase, associated with an eventual return to 
stabilised levels at the end of the Phase. However, between these aspects of this 
period, most sampling parameters showed little change throughout the system – 
that is, there were the same levels of nutrients in all areas of the tank at the same 
time, and that the composition of waste was homogenous throughout. This is a very 
interesting aspect of the sampling period, and suggests that the event which caused 
this specific period of poor treatment did not lead to a sudden crash. Instead, an 
eventual decline, leading to the movement of static waste through the system, was 
noted. At this time, levels of DO in the anoxic zone were also quite high. This 
would have contributed to high levels of nitrogen in the system, as a higher DO can 
inhibit denitrification (Münch et al., 1995)). There were a number of occasions 
during Phase 3 when the MLSS dropped below 2000 mg/L, which would have also 
affected nitrifying bacteria. Out of range DO, and decreasing MLSS, were further 
indications of a weakening system. 
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High rainfall could, theoretically, lead to system washout. However, it is less likely 
to cause inactivity of biomass in the BESST. Levels of effluent amm N were 
comparatively high at the beginning of Phase 3, suggesting that the system may 
have been under pressure for some time before this event. It is possible that an 
influent high in industrial waste or containing an unusual substance which acted as 
a toxin entered the system sometime before Phase 3, and was not detected by 
sampling, but inhibited the function of the internal biomass. 
Another interesting aspect relating to this period, was the poor visual quality of the 
effluent. System failure had previously been associated with high amounts of 
sludge throughout the system, and, consequently, large amounts of solids in the 
effluent. However, in this instance and in several others, where failure of 
nitrification was evident, the effluent was characteristically very green and murky. 
This is, again, quite strong evidence for an overwhelming event which affected all 
aspects of the biomass in the system, as outgrowth of heterotrophic bacteria (and 
the associated high levels of sludge) did not occur. 
4.4.6. Low Temperature 
Both the winter periods, Phase 7 and Phase 8, which occurred during the sampling 
period, were identified as having a destabilising effect on effluent quality in the 
BESST. Both winters also fell within other sampling phases – Phase 3 and Phase 6. 
The peaks in amm N during winter can be explained by the reaction of the system 
to challenges presented during these Phases 3 and 6. It is possible that low 
temperatures could have contributed to poor treatment during these phases, or that 
the system failure itself accounted for winter instability outright. However, high 
rainfall was previously shown to have affected nitrification in the tank. 
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Temperature was believed to be an important variable in this instance, as the 
BESST was built above ground with an open top. Commissioned systems are 
normally installed below ground level, for aesthetic purposes as well as to prevent 
the temperature within the system from dropping too low. When the temperature 
was high throughout the system, high TSS levels were evident. In support of this, 
levels of effluent solids showed consistent peaks throughout the defined winter 
periods. However, such peaks were noted throughout the monitoring scheme, and 
again, cannot be entirely attributed to winter conditions. Inlet temperature also 
significantly affected the treatment of amm N – when it was high, good treatment 
was evident. This can initially be attributed to the direct effect that temperature has 
on nitrifying populations (Siripong & Rittman, 2007). However, once the influent 
material had passed through the anoxic zone to the aerobic zone, temperature was 
likely to have equalised throughout the system, and so the wastewater would no 
longer be at the temperature it was when it entered the tank. Therefore, it is perhaps 
more likely that a high inlet temperature correlated to the inherent treatability of 
amm N present in the influent. Temperature also did not appear to directly affect 
the DO in the aerobic zone. 
Analysis showed that temperature and pH are correlated (Section 4.6.), suggesting 
that a higher inlet temperature in combination with a higher inlet pH affects the 
treatability of amm N. Above pH 9, the ammonium ion dissociates more freely to 
ammonia. Nitrifying bacteria are known to oxidise ammonia preferentially over 
ammonium (Suzuki et al., 1974). However, only very small fluctuations in pH 
levels were observed, and so would be unlikely to have an impact on the system 
this way. 
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4.5. Microbiology of the BESST 
During the 653 day sampling period, a wide range of bacterial morphologies were 
observed in the system. Of particular interest was the presence and variety of 
groups of filamentous organisms seen throughout the BESST, which displayed a 
diversity of characteristics, such as attached growth and nocardioform structures. 
4.5.1. Sequenced Isolates 
Of the organisms cultured and isolated directly from samples from the BESST, no 
isolates were identified as belonging to the groups of bacteria identified as being 
important in wastewater treatment. All, however, were identified as being isolated 
from sewage, apart from one, which originated from the human gut. This confirms 
that the methodology used to produce and analyse the sequences was sound, and 
that no contaminating strains were mistakenly sequenced downstream. Two 
samples which, in fact, were the same strain of Achromobacter sp. (samples AE13 
and AE15) has been previously identified as an organism possibly important to 
phenol degradation in activated sludge (Watanabe et al., 1998). 
Not all sequences gave high levels of similarity to sequences found by the BLAST 
search. This level of sequence difference suggests that the closest match was not 
found, and the samples would require further analysis to make the closest match 
possible. The best method for this would probably be not to rely on cultured 
isolates, and instead to construct and sequence a clone library (Yu et al., 2010, Wan 
et al., 2011) 
It is likely that the absence of important groups in the sequenced isolates was due to 
the non-culturability of pertinent groups of bacteria in the laboratory. It is also 
possible that colonies subcultured from MPN plate cultures were composed of more 
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than one species of bacteria. Colonies were picked from MPN plates and then 
subcultured into broth of the same composition, which would have resulted in the 
growth of all organisms present in the colony. It is likely that one member of the 
colony may have been predominant, and so would have outgrown any other 
member during liquid culture. 
Some of the sequence data was not analysed, due to the presence of heterozygous 
peaks in the chromatogram produced by the sequencing process. This means that 
the software was unable to call a particular DNA base, and suggests the presence of 
multiple 16S rRNA genes in a sample of PCR products i.e. DNA was extracted 
from a mixed culture instead of a pure one. This goes some way to confirming the 
theory described above. This may be as a result of contamination, or a close 
association between a number of groups of bacteria. It would be possible to 
separate multiple 16S rRNA genes in a sample by application of the cloning 
method before sequencing. In this way, it would be possible to assess the 
community composition of a sample with phylogenetic analysis of sequence data. 
DGGE gels were performed with PCR products obtained from isolated bacteria 
from the BESST. More bands than were expected were present, which may be a 
result of the issues discussed in the previous section. It may also be as a result of 
high levels of genetic variation within a particular species of bacteria. 
This issue confirms what might be expected - that the biomass in a system such as 
the BESST is highly complicated, and as such, is probably based on a number of 
interaction and symbiotic relationships between different groups of 
microorganisms. 
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4.5.2. The MPN Method 
The MPN method is a presence of growth/absence of growth method, and as such, 
the features identified above have implications for the use of the MPN method. In 
this instance, the method had a number of disadvantages. The MPN test did not 
identify loss of ammonia or nitrite oxidising bacteria when the system was not 
performing well. This highlights a need for differentiation between presence of 
bacteria, and activity of bacteria. The levels of variation in different areas of the 
system, and the changeable nature of the nutrient and physical loads in the influent 
made appropriate dilution of samples difficult to estimate. It was apparent that the 
media used was not entirely selective for the growth of nitrifying bacteria, and 
whereas it would have been possible to inhibit the growth of fungi with an anti-
fungal agent, it was not always possible to prevent the outgrowth of heterotrophic 
aerobic bacteria on plates used for enumerating nitrifying bacteria. This was a 
specific issue because nitrifying bacteria grow slowly, and require incubation for a 
period of up to two weeks. However, after 24 hours if growth was evident, it was 
likely to engulf the plate entirely and make it impossible to representatively 
enumerate nitrifying populations. However, such outgrowth did not appear to occur 
freely – for example, in the three replicate sets of plates inoculated, if one plate did 
not display problems of this nature, neither would the other two. Reproducibility 
between replicates was very high, and all but three of the sets were deemed 
significantly similar to one another using statistical analysis. 
Similarly, with the count for denitrifying bacteria, the media used was even more 
general, and would select for a wide range of heterotrophic bacteria. The criteria for 
including a tube as a viable count were twofold. A colour change representing an 
increase in alkalinity, combined with gas production, was given as a positive result 
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for denitrifying bacteria. However, such a result was, in fact, very uncommon, and 
so instead gas production alone was used as a positive result for the presence of 
denitrifying populations. Whereas gas production was evident considerably more 
than a colour change for alkalinity, again, it was not as regularly present as 
expected. This may be due to failings in the manner the method was performed, or 
because because a more predominant population of bacteria was performing 
dissimilatory reduction of nitrate to amm N as opposed to gaseous products. If this 
were the case, it is possible that the levels of amm N which would have increased in 
the anoxic zone would be masked by other factors in the system. However, 
dissimilatory reduction of nitrate to amm N generally occurs in very anaerobic 
environments (Knowles, 1982), and levels of DO in the anoxic was rarely 
maintained at 0 mg/L. This could largely be attributed to the nature of the influent 
entering the tank, the pipe for which was above the level of the liquid in the tank 
and so caused splashing and small amount of aeration. This was contributed to by 
the RAS pipe, the contents of which was delivered in a similar fashion directly 
from the highly aerated aerobic zone. 
As a monitoring method, the MPN test worked well in this instance. Despite issues 
with the MPN procedure, results obtained from the method showed valuable 
comparative data, to which it was possible to assign indirect relationships with 
physico-chemical data. However, limitations were also identified with the method, 
specifically, the inability to enumerate specific populations reliably and 
representatively. The MPN procedure required additional refinement which was not 
within the scope of this study to achieve. 
In combination with the use of the microbiological survey taken alongside the 
sampling effort, the MPN counts were very valuable information in general 
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assessment of the health and performance of the system. It is possible that further 
sustained sampling could produce a scheme for more comprehensive analysis of a 
similar system, using a weekly questionnaire performed in a structured way, by 
extrapolating previously collected data from MPN testing and physico-chemical 
data. For example, MPN counts found to correlate with particular levels of floc 
structure (as viewed under the microscope) could be used to predict changes to the 
system entire. 
4.5.3. Mixed Community Analysis 
DGGE gels were conducted using PCR products obtained from mixed community 
samples in different areas of the BESST, from different sampling days. These were 
electrophoresed alongside samples taken from a similar system, located in Ireland, 
with a p.e. of 200. These samples were used to give a direct comparison between 
similar systems, and to elucidate the differences between systems. 
The Petersfield and Ireland systems displayed some similarities in community 
composition, but generally, were very different. Similar banding patterns in this 
instance may present candidates for common functional groups of bacteria such as 
nitrifying bacteria. This would be a very interesting question to pursue, as the two 
systems were treating very different wastes at the time, in terms of chemical 
composition. The Ireland system was also undergoing treatment for phosphorus 
removal by the dosing of ferric salts. 
Within the Petersfield system particularly, high levels of variability between 
samples was shown, representing a dynamic and complex microbial community. 
On all gels, an isolate sample was used for reference alongside an E.coli positive, 
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but, it was not possible to identify the presence of isolates in mixed samples, due to 
the high frequency of bands and the changeable nature of the banding patterns. 
Four main categories of banding patterns were identified within the Petersfield 
sample set, which were as follows: 
• A number of bands that appeared in both Petersfield and Ireland sample sets 
• A number of bands that appeared consistently in Petersfield samples 
• A number of bands that were present in varying intensities of extended 
periods of time, in the Petersfield samples 
• A number of bands that were present or not present in line with SRT periods 
These results confirm the existence of a highly changeable and sensitive bacterial 
community in the BESST. The dataset suggests that there are a smaller number of 
functional groups in the system which are generally always present in some degree, 
some of which may be common even to separate systems, and that other groups 
appear and leave over defined periods of time. The results also suggest that SRT 
has an effect on bacterial communities and the overall bacterial composition in the 
system. 
4.6. Interactions Between Variables in the System 
Basic levels of interaction were assessed in the system, by performing direct 
analyses of the dataset. There were clear relationships between some of the major 
sampling parameters, such as TSS and BOD, and related factors, such as amm N 
and TON. However, upon efforts made to analyse the data more deeply, it became 
clear that the analysis also showed that a number of interactions were not being 
identified by direct analysis. 
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As a result, an alternative method for analysis of interactions in the dataset was 
devised. Table 4.1 shows a map constructed from the ANOVAs of all measurable 
parameters of the BESST. The data was split into two sampling populations for 
each key variable (i.e. amm N, BOD and TSS). One group related to periods of 
‘good’ treatment, one group related to periods of ‘bad’ treatment. Good or bad 
treatment was assigned according to whether consents had been met or not. 
The section of Table 4.1 showing the analyses for the treatment of amm N contains 
the highest number of statistically significant differences at 68. TSS has 59 and 
BOD has 39. 
Based on statistical analyses, the constructed ‘conditions map’ shows initially that 
each zone of the system is important, and that each parameter sampled interacts 
within the system to some extent. The map has been highlighted to outline the most 
significant parameters affecting good and bad treatment. From this, trends are 
identifiable. The analysis for the treatment of amm N contains the highest number 
of statistically significant parameters, with TSS the second most and BOD the third. 
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Amm N DO pH Temp Eh Cond Amm-N TON NO2- Tot-N COD Sol COD BOD Sol BOD Tot-P Orth-P VFA TSS VSS SVI AOB NOB Dn 
Inlet   + +         -                       mv mv mv 
Anoxic       + - - +       - - -             +     
Aerobic + -   + - - +       -   -                   
Clarifier B + -   + - - +     - - - -   - - - -   + -   
Clarifer M   -   +   - +     -   - -       - -         
Clarifier T + -   + - - + +   - - - -       -           
Outlet +   + + - - +     - - - -       - -   mv mv mv 
BOD DO pH Temp Eh Cond Amm-N TON NO2- Tot-N COD Sol COD BOD Sol BOD Tot-P Orth-P VFA TSS VSS SVI AOB NOB Dn 
Inlet                       -     -         mv mv mv 
Anoxic       + -       -     - -                   
Aerobic +     + - -                                 
Clarifier B         - - +               - -             
Clarifer M       + - - +               -             + 
Clarifier T +     + - - + + +       -                   
Outlet +       - - +     -   - -   -   -     mv     
Solids DO pH Temp Eh Cond Amm-N TON NO2- Tot-N COD Sol COD BOD Sol BOD Tot-P Orth-P VFA TSS VSS SVI AOB NOB Dn 
Inlet     -   - -   +   -   -     - -       mv mv mv 
Anoxic   - - + -           -   -               +   
Aerobic +   -   -   +           -     - - - +   +   
Clarifier B     - + - -     mv -       - - -       +     
Clarifier M +   - + -                   -             + 
Clarifier T +   - + - -     mv       - - -               
Outlet +     + - - +     -   - - - -   -           
 
Table 4.1 Conditions Map, for the treatment of  amm N, BOD and TSS. ‘+’ = when this variable is high, effluent quality is good. ‘-‘ = when this variable is high, effluent 
quality is poor. ‘mv’ = missing value 
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Some variables may interact with each other to a greater extent than they do with 
the rest of the system. For example, DO affected TSS (i.e. MLSS) in the aerobic 
zone and vice versa. Generally, the relative trend was the higher the DO, the lower 
the MLSS. This is an important aspect of sewage control. Within the map, there are 
some occurrences where DO showed a positive (+) value and TSS a negative (–) 
value (i.e. Clarifier B, Clarifier T and outlet on the amm N map), which is likely to 
relate to the immediate effect they had on one another. At other instances, when 
DO and TSS were highlighted as being significant separately from one another (i.e. 
Aerobic DO positivie and Clarifier M TSS negative on the amm N map) it was 
easier to assess their significance with relation to the requirements of the system 
and a steady-state equilibrium. 
These aspects of treatment of amm N in the system can be justified – a higher DO 
in the aerobic zone is desirable because nitrifying populations found in the aerobic 
zone require an oxygenated environment to oxidise amm N. A lower level of TSS 
in the middle of the clarifier means less TSS will eventually rise to the top of the 
clarifier, and be released in the effluent. The carryover of solids which may be 
associated with high TSS in the clarifier would also contain biomass and amm N. 
Similarly, during periods for which negative values are assigned to consentable 
parameters (e.g. amm N, TSS, BOD), clearly such values should not necessarily be 
over analysed – good treatment of BOD does require low levels of BOD in the 
effluent, and that means being assigned a negative value. 
This method, while being illustrative, does not detail the boundaries of the higher 
limits of these parameters. For example, too high a level of DO in the aerobic zone 
can precede a loss of MLSS, and eventual washout of the system. It is also 
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important to remember that the relationships identified by this table are relative, 
and based on variations over ranges of time. 
Using the map it is also possible to highlight spatial trends within the data. On the 
amm N map, inlet pH was assigned a positive value, anoxic pH no value and the 
aerobic and clarifier pH a positive value. The blank anoxic value can be interpreted 
as a buffer zone, where a high pH is introduced into a low pH environment.  
Eh is an important factor for all three major parameters. All aspects of the map 
favour higher Eh in all zones, which contradicts the basic requirements for 
conventional anaerobic denitrification. The potential for an alternative method for 
denitrification in this system is indicated by these results, such as aerobic 
denitrification. Conductivity appears to have the same level of impact as Eh, 
however, lower levels are favoured within the system. Low conductivity is 
generally a strong indicator of a healthy system as it reflects the presence of 
dissolved inorganics (i.e. phosphates, nitrates, other anions and cations) in the bulk 
liquid. On the solids map, temperature and conductivity are both largely assigned 
negative values. Higher temperature affects conductivity, which increases in 
response, so this association may represent the inherent relationship between 
temperature and conductivity. 
Levels of TP and PO4 have little apparent influence on the treatment of amm N. For 
the treatment of BOD, a negative value is assigned to the inlet, the bottom and 
middle of the clarifier, and outlet. This may be indicative of an issue with dissolved 
inorganics. These parts of the clarifier are high sludge areas, and lower levels of P 
and PO4 in samples may indicate that less P and PO4 is present in the general liquid 
of the system and is instead inherent in established, healthy floc structure within the 
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system. Similarly, levels of VFA show a similar pattern – if the organic carbon 
source is at too high a level, there is a danger of overgrowth of heterotrophic 
bacteria. A consistent negative value throughout the system suggests that VFA is 
being utilised at the correct rate for maintenance of a steady state. As discussed 
before, this suggests that pH is an important factor in the treatability of amm N. 
Conversely, pH seems to be not as significant a parameter for the treatment of 
solids and BOD. This may be accounted for by the nature of the parameter 
undergoing treatment. Amm N oxidation and removal is largely a biological 
process, whereas the treatment of solids is also a mechanical or physical process. 
The treatment of BOD is also biologically mediated; but not as reliant on 
microbiological processes as that of amm N and nitrification. 
Amm N is assigned a negative value throughout all three maps. Generally, low 
amm N is a strong indication that a biological nutrient removal system is working 
well. This is demonstrated in the maps, as low amm N is important for the removal 
of TSS and BOD. TON and nitrite are closely related to amm N and are assigned 
positive values throughout the maps, suggesting a higher level of both nitrite and 
nitrate being important for the successful treatment of all three major parameters. A 
high level of nitrite does suggest more productive rates of ammonification within 
the system, although nitrite would be expected to be converted to nitrate quickly in 
the system and therefore, for this to be reflected in the conditions map. The 
conditions map show few bacterial interactions for the treatment of amm N, but 
these results suggest that a considerable amount of ammonification may have taken 
place in the anoxic areas of the system. 
The positive impact of relatively high DO in the Clarifier B and Clarifier T, 
between days 200 and 300, and a relatively higher DO in the Clarifier T, 
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corresponded with higher effluent amm N. At this point in the overall process, it 
can be assumed that clarification is the only process taking place, and biological 
activity is generally restricted to the anoxic and aerobic zones only. As a higher DO 
generally correlates with a lower TSS, it is possible that the positive relationship 
identified between high DO in the clarifier and low effluent amm N is coincidental 
in this sense. 
Inlet pH was also identified as a factor affecting treatment of amm N. However, 
Table 4.1 shows that the pH is stabilised within the system to a much lower value 
than that entering the system in the influent. This is supported by a large drop in 
influent pH after day 600, which is not reflected in the aerobic zone. Despite this, 
the unusual drop in pH may still have had an impact on treatment, and a rise in 
effluent amm N at this time (day 625). For example, there may have been an 
unusually high proportion of fatty acids in the influent at that time, providing an 
added source of nutrients for heterotrophic bacteria, adversely affecting levels of 
nitrifying bacteria. However, a rise in levels of effluent amm N is likely to have 
been due to an ongoing problem, particularly as this period of poor treatment lasted 
until the end of the monitoring period. This situation identifies a limitation in the 
use of the conditions map. Since the inlet pH is always higher than the pH in the 
rest of the system, and for the majority of the sampling scheme levels of effluent 
amm N were within acceptable limits, a bias towards an overall positive effect is 
evident. This was highlighted by ANOVA testing, but is not necessarily 
representative of a significant relationship. 
The conditions map highlighted a relationship between good effluent BOD with 
high levels of TON in the clarifier. A higher TON suggests a level of activity of 
nitrifying bacteria that which would increase oxygen demand. However, the oxygen 
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demand from nitrifying bacteria is not detected by the BOD test, and so resulting in 
low BOD. If there is a large population of nitrifying bacteria, this may lead to an 
inhibition of growth of heterotrophic bacteria which would also reduce the BOD 
overall. However, it is not clear why this should take place in the clarifier, which is 
a very physically dynamic part of the system. The colonisation of the sludge 
blanket by nitrifying bacteria is not impossible, although it would be expected that 
the presence of filamentous bacteria there would prevent this from happening. 
An explanation for this is that because the TON in the clarifier was generally stable, 
and reflected what was occurring in the rest of the system, other aspects of the 
system which led to a high TON value in the clarifier also contributed to good 
effluent quality. This would be an extremely complex set of relationships to 
examine, however, there appears to be no obvious reason why high TON in the 
clarifier should contribute to good effluent levels of BOD. 
 
A high DO in the aerobic zone was also preferential for good treatment of BOD. It 
is difficult to ascertain the direct effect of aerobic zone DO on effluent BOD until it 
is linked with MLSS. This was likely to have been highlighted by statistical 
analysis because in the aerobic zone, high DO is often the result of lower MLSS. In 
this situation, low solids in the aerobic zone are translated to the effluent, which 
ultimately results in a lower effluent BOD. 
 
Temperature was believed to be an important factor for the effects on the biomass 
of this system, as it was installed above ground. The impact of low temperature was 
observed largely during the treatment of solids in the system, and had only a slight 
impact on the treatment of amm N and apparently none on BOD. 
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TSS and VSS appear to have surprisingly little influence within the system on the 
effluent quality of solids. However, good amm N treatment requires relatively low 
TSS throughout the clarifier; which may be related to the carryover of solids, and 
subsequently biomass in the final effluent. The only assigned significance of SVI is 
assigned to the aerobic zone of the solids map, and is given a positive value. This 
was to be expected. Good settleability of sludge leads to reduced levels of solids 
carryover from the clarifier. Less carryover is also generally associated with a 
healthier biomass, an adequately aerated system and therefore also lower effluent 
TSS. 
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5. Discussion 
 
5.1. The Need for Research into Wastewater Treatment 
It can be argued that, historically, an efficient sewerage and waste disposal system 
has been the foundation of civilisations. In the modern day, the need for wastewater 
treatment is indisputable. Undeniably, wastewater treatment protects the aquatic 
environment from the harmful accumulation of nutrients, and human beings from 
disease and squalor. The removal and treatment of sewage and wastewater is a 
consequence of high density living, with economic, logistic, scientific and 
technological implications.  
Problems arising from such implications are not currently solved by the global 
community, and this is highlighted by incidence of disease, drought, and further 
damage to the environment. However, they are being addressed. The European 
Water Framework Directive (WFD) was introduced in 2000, with an aim to 
reducing the effect of anthropogenic activity on water bodies in Europe (Hering et 
al., 2010). The WFD encourages a multidisciplinary approach to the reaching of a 
common goal, and refers to both physico-chemical and ecological study in order to 
improve the quality of controlled waters in Europe. 
Wastewater treatment starts at the wastewater treatment works, where many 
parameters that may cause change in our environment are ultimately effected. As 
pressure increases on large, centralized sewage treatment works, and smaller, older 
systems begin to fail (Withers et al., 2011), it is clear that strategies are needed to 
improve our methods and technology. The rebuilding of many of these systems is 
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an impractical solution, and so a number of other options are available. These 
include: 
• Expansion of existing technology directly onto existing plants (Bdour et al., 
2009, Jewitt, 2011) 
• Downstream/upstream ‘satellite’ systems (Section 1.5.1) 
• Localised, self contained ‘package’ systems, which are installed away from 
the main sewage networks (Section 1.5.1) 
Package systems have been highlighted as a strongly viable option. This study 
presented a sampling study of a decentralised biological nutrient removal system, 
which is already in commercial use. The system in question, the BESST, presents a 
potential solution for wastewater treatment, to isolated communities, small 
businesses that require pretreatment of waste, and water utility companies, for use 
as satellite technology. The research analysed a variety of aspects of the system, 
including day to day operation and treatment performance, while also conducting a 
deeper, robust analysis of the biological and chemical mechanisms of treatment. 
The study also encouraged collaboration between academic scientists and 
engineers, and an industrial partner. The academic team designed and implemented 
a scheme fulfilling the requirements of a scientific research study, while also 
providing assistance to and development of a product for a local company. 
The industrial team were part of an impartial academic study, during which their 
product was subject to robust analysis. This was hoped to contribute to the field in 
general, while also giving insight into the biological and chemical workings of one 
of their important products. 
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5.2. General Assessment of Wastewater Treatment by the BESST 
Effluent discharge consents are clearly defined for amm N, BOD and TSS in the 
UK. The release of wastewater high in amm N, BOD and TSS into controlled 
waterways contributes to eutrophication. Sludge discharged from a biological 
nutrient removal system are likely to contain bacteria and viruses that are hazardous 
to human health. Therefore the treatment of wastewater is a necessary practice 
before it is discharged into the aquatic environment. 
This study has shown that the BESST is able to treat municipal wastewater to a fit 
standard for discharge into control waters, according to limitations commonly set 
by the Environment Agency. 
Physico-chemical techniques are the foundation of many wastewater treatment 
studies, but the accuracy of some techniques, such as the BOD test, has previously 
come into question (Sherrard et al., 1979, Hudson et al., 2008) because of the crude 
nature of the test. Despite this and the research performed to develop alternatives, 
the BOD test and the physico-chemical tests described in this study remain the 
standard tools for wastewater analysis. This is because a conflict exists between 
academic study, and transfer of the information obtained to industry. Arguably, this 
is a problem common to many areas of applied science, however, because water 
treatment is such a crucial area, biologists and engineers are under pressure to 
produce data that can serve a practical purpose and can directly enhance industrial 
and commercial practice. In this situation, of course, if practice does not reach a 
particular standard, companies are liable for prosecution. 
Now, more than ever, operators of treatment works require reproducible, reliable 
testing procedures, for monitoring system activity. This study has shown that 
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physico-chemical testing and culture-based microbiological techniques are a 
valuable means for obtaining large quantities of useful data. However, it has also 
shown that with collaborative effort between scientists and commercial industry, 
the results obtained by classical techniques can be resolved (Figure 5.1). This, 
ultimately, contributes to the wastewater treatment generally, as well as specific 
technology. 
This study has highlighted clearly the difficulties inherent to the analysis of a 
complex dataset, containing subtle interactions and variations that arise when 
studying the complexities of applying multistage qualities to a smaller system. The 
study has attempted to address the analysis of such a dataset by reducing the 
number of sampling populations to produce a visual and immediate representation 
of the data. This ‘conditions map’ (Table 4.1) has scope for use as a monitoring tool 
in the longer term, and gives an example of how a dataset obtained from an initial 
high-intensity sampling period can be used in a wider sense for assessing control 
strategy. 
5.3. Nitrogen Removal in the BESST 
Human activities have dramatically altered the global nitrogen cycle (Galloway et 
al., 2008), components of which dramatically affect the global environment –for 
example, nitrous oxide (which can be produced as a result of denitrification in 
wastewater treatment) is an important greenhouse gas and an air pollutant (Giusti, 
2009), and nitrogen-containing species contribute to eutrophication in the 
environment and impact on human health. 
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PROSECUTION
Operational Control (based 
on real-time measurements):
Physico-chemical Monitoring:
Microbiological Monitoring:
£
££
£££
££££
Expenditure
MoneyTime
Minutes
Hours
Days
Weeks
NO 
EXPENDITURE
Control of flow rate
Control of dissolved oxygen/mixed liquor 
suspended solids
Control of return activated sludge rates
Nutrient concentrations
Biochemical oxygen demand
Chemical oxygen demand
Total suspended solids
Culture based count methods
Activity Assays
Microscopy
Molecular Microbiological Monitoring:
DNA sequencing of isolated bacteria
DNA sequencing of clone libraries
Changes in bacterial communities over time – DGGE analysis
Assessment of active genes - RNA
Figure 5.1. Diagram to show levels of wastewater treatment monitoring. The most basic stage is 
based on real-time measurements, designed to inform basic sewage control adjustments which result 
in effluent concentrations of variables adhering to consents set by governing bodies, such as the 
Environment Agency. Non-appliance of the most basic level of monitoring and therefore possible 
discharge of wastewater which does not meet consent may result in prosecution. The next stages, 
physico-chemical, microbiology and molecular microbiology monitoring, follow, requiring 
increasing amounts of time and funding, but resulting in more highly resolved information. All 
monitoring stages shown on this diagram were included as part of this study. 
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Most traditional models for wastewater treatment processes are based on the 
removal of nitrogen via the oxidation of amm N, which is a biologically-available 
form of nitrogen. The design of the BESST was based on similar technology. 
This study showed that the BESST is capable of removing amm N to a high 
standard, and that nitrification and denitrification were generally robust processes 
in this system. A major contributing factor to the removal of amm N was the 
presence and activity of nitrifying  and denitrifying bacteria. This was demonstrated 
by the data due to a production of TON within the system as opposed to entering 
with the influent, and the damage observed to the system as a result of system 
washout.  
The roles and populations of nitrifying and denitrifying microorganisms were 
difficult to analyse to a high degree of resolution using culturing techniques. 
Despite this, the comparative data generated by such methods was a very useful 
monitoring tool. 
A depiction of changes to bacterial communities over time was obtained using 
molecular techniques. While community shifts were observed and dominant 
populations identified, members of the community were not subsequently 
identified. There is an argument, however, that for the purposes of monitoring and 
observing reaction to change in a system, which is commercial in nature, that 
identification to species level is not necessary. The main issue relates to the 
effectors of considerable change in a system. The frequency of monitoring of this 
nature carried out on wastewater treatment plants, are often sporadic at best. 
Molecular techniques require a level of training and knowledge that can be costly. 
Sporadic sampling schemes ideally require an initial catalogue of information about 
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a specific system, which can be referred back to. Therefore, a study such as this one 
can supply a model for reference for the life of a system. However, because of the 
possibility for variability between systems, the initial monitoring effort must be 
unique to each unit. 
It was not possible within the scope of this project to directly link numerical data 
obtained from culture-based methods with information acquired from molecular 
analysis. However, both disciplines produced different types of data, and so it may 
be necessary to adjust the nature of methods used. For example, using a developed 
probe for a specific group of interest, FISH is a viable option for quantifying 
bacterial groups in small samples, and already widely used in the study of 
wastewater treatment (Wilen et al., 2008, Pavlekovic et al., 2009 ). When looking 
for a specific bacterial group or gene in larger samples, real-time PCR (RT-PCR) 
may be an option (Shin et al., 2010), but has disadvantages for applications of this 
nature. Similarly, DNA microarrays have been used for monitoring wastewater 
(Kelly et al., 2005) but require a large initial input of time and money. All these 
options have applications in the examination of wastewater treatment. Molecular 
microbiology encompasses a range of powerful techniques, but is, for small and 
large companies alike, an expensive pursuit, and one tool in a wide range of 
available methods and technologies. 
An important distinction must be made between the presence of an organism and its 
activity in specific biochemical processes in wastewater treatment. This is 
applicable both to culture-based and molecular-based tools used. The results 
obtained by the MPN test did not correlate the absence or presence of bacteria with 
good or bad treatment, and similarly, the examination of directly extracted DNA 
does not represent the biochemical activity of an organism. By the examination of a 
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particular gene, or extracted RNA and subsequent analysis of the transcriptome, 
this issue can be addressed. These methods bring their own difficulties. In 
particular, handling RNA is a difficult process, because of its delicate nature, an 
issue compounded by the nature of the wastewater matrix which can contain a 
variety of chemicals, and so present a further level of intricacy to the application of 
molecular techniques. 
Growth media can be adjusted to make it more selective to a specific group of 
bacteria. This is also associated with problems. The natural microenvironment of a 
community of microorganisms is very difficult to recreate in the form of media in 
the laboratory. This can lead to exclusion of relevant microorganisms, as often only 
the most robust members will transfer and grow well once sampled. Therefore it 
can be argued that a more inclusive media will work better for a test designed to 
give comparative results. 
The BESST was not directly assessed for the presence of anammox or archaeal 
organisms. However, because of their ubiquity in similar habitats (Bernat et al., 
2011, Okabe et al., 2011, Sonthipand & Limpiyakorn, 2011), and because it was 
not possible in this instance to directly link the communities identified during this 
study with specific function, there is a possibility that such microorganisms played 
a role in the removal of nitrogen in the BESST. In order to find such organisms, 
however, they need to be specifically searched for. This was not within the scope of 
this project, but presents an opportunity for further research and analysis of their 
importance in a system such as this. 
The anammox process is more suited to a low carbon, high nitrogen influent (Third 
et al., 2001, Desloover et al., 2011) such as leachate, and so is less suitable for the 
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treatment of municipal waste. The presence of anammox and archaeal organisms is 
not directly discernible by culture based methods, and so molecular tools are 
needed to investigate levels of such populations. For these reasons, monitoring for 
them is unlikely to be adopted into day-to-day monitoring strategies for companies 
that sell and maintain smaller wastewater treatment system. 
5.4. Phosphorus Removal in the BESST 
Phosphorus is an important nutrient for both plants and animals, but high levels in 
the aquatic environment can lead to over enrichment and contribute to 
eutrophication. Anthropogenic activity certainly has an impact on the global 
phosphorus cycle (Lougheed, 2011), though it may be argued that human activity 
has more of an effect on the nitrogen cycle (Paerl et al., 2011). However, a large 
portion of phosphorus released into the environment is still as a result of sewage 
discharge. 
Wastewater treatment systems designed to remove phosphorus are largely based on 
add-on technologies that are attached to nitrogen removal systems. They are harder 
to maintain as the biological mechanisms responsible for phosphorus removal are 
poorly understood, and this is reflected in the results obtained from this study. 
The study showed that the BESST is able to remove a quantity of phosphorus 
without any further intervention. This is likely to be as a consequence of solids 
removal. Efforts to begin EBPR in the system were undertaken, and were not 
generally successful due to the absence of a reliable steady state. Both trials ended 
abruptly because of unforeseen problems, however, promising startup results were 
noted. 
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There appeared to be a balance to be achieved between desired levels of 
phosphorus removal and damage to the rest of the system. This was likely to be 
because the system was, comparatively, very small, and therefore a number of 
factors were likely to affect EBPR. One of the main factors to take into 
consideration was control of the SRT, in order to prevent massive bulking and 
foaming events, which occurred in response to acetic acid dosing. It was thought 
that the addition of an extra carbon source led to the outgrowth of a number of 
heterotrophic groups, most noticeably, filamentous bacteria. Low SRTs can be used 
to control the growth of such populations (Liu et al., 2006), but may affect 
nitrifying populations unfavourably. 
The investigation of EBPR in systems such as the BESST requires longer trial 
periods in stable, functioning systems, in order to give representative start-up 
results. A more sensitive control mechanism for the dosing of acetic acid would be 
preferable, particularly one in feedback operation with solids accumulation and 
SRT, under computerised control. 
During the phosphorus removal trials, the growth of atypical filamentous 
communities in the BESST suggested the startup of EBPR. Initially, typical 
communities observed in the biomass were shown to be accumulating 
polyphosphate. These were rapidly replaced with filamentous bacteria that were 
also engaged in the uptake of phosphorus. Such bacteria were present in bulking 
sludge, foam, and the general liquid of the system, and were present in greater 
quantities than the usually observed filamentous community. 
Further experimentation is required to fully assess these interesting 
microorganisms. In particular, to be able to control the uptake and release of 
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polyphosphate by such organisms would be a valuable tool. Because of the nature 
of the way that such organisms grow, if it were possible to encourage the 
accumulation of a large quantity of phosphorus from the system, it would then be, 
in theory, a simple exercise to collect the sludge from the top of the system. This 
would in turn remove phosphorus from the system, in the manner of a dissolved air 
flotation (DAF) system, which removes floating solids from the surface of the 
liquid phase of a system (Tetreault et al., 1986). 
5.5. Assessment of the System as an Aid to Troubleshooting 
The quantitative and qualitative data obtained over the course of the entire project 
were considered and used to produce likely solutions to common problems 
experienced during day-to-day operation of the BESST. As a result of the project 
and subsequent information analysis, concepts for troubleshooting in this particular 
system were designed, which have scope for application to other systems. The 
application of the detailed initiatives would give the best results after consideration 
of information gathering from testing and observation of individual systems over an 
extended period of time. From this level of testing it is possible to deliver broad 
guidelines for the operation of the system. The flowchart method (Figures 5.2 to 
5.4), devised as part of this project, is currently in use with other commissioned 
BESST systems. 
The process begins with a visual assessment of the system (Figure 5.2), 
particularly, at this stage, regarding the appearance of the effluent, the nature of the 
MLSS and the presence of scum or foam on the surface of the clarifier. Foul smells, 
and other unusual occurrences would also be taken into account at this stage of the 
examination. 
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The second stage is a physico-chemical assessment, and the determination of 
concentrations of key variables in the effluent. At this point, system control 
parameters such as MLSS and DO are assessed to determine whether or not they 
fall within appropriate ranges. All tests performed at this stage can be completed on 
a scale of hours (apart from the BOD test, which is a five day test), and can be 
performed with the smallest amount of training necessary to complete the whole 
assessment. 
The microbiological assessment follows, which is completed over a longer 
timescale of days, up to two weeks for growth of nitrifying bacteria. Results from 
the microbiological assessment are combined with the information obtained from 
the physico-chemical tests performed previously, and used to inform the next set of 
actions. The next step is determined by referring to flowcharts 1 (Figure 5.3) or 2 
(Figure 5.4). Flowcharts 1 or 2 give suggestions for further experimental 
investigations, and subsequent instructions to address the problem. 
These troubleshooting guidelines give enough information so that most major 
problematic issues encountered during operation of the BESST can be addressed. 
This is possible because the information presented is tailored specifically to the 
system. Because a profile has been produced for the system, which has shown 
unexpected characteristics in treatment, it would not be possible to apply general 
rules, such as those applied to centralised treatment facilities. Traditional sewage 
control parameters form the foundation of knowledge for the operation of 
wastewater treatment technology, but cannot be assumed verbatim for systems such 
as the BESST, and instead must be adapted. These troubleshooting guidelines are 
an example of such an adaptation. 
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Assessment Pathway
Visual Assessment of 
System
Chemical/Physical 
Assessment of System
Microbiological 
Assessment
Ammonia Phosphorus
• Turbid 
effluent
• Flowcharts 1 and 
2
• MPN counts of 
nitrogen cycling 
bacteria analysed 
with chemical 
results
• High levels of 
NH4 and TON, 
determined by 
Palintest
kits/Autoanalyser
• Turbid or 
strangely 
coloured 
effluent
• Foam/Scum
• Flowcharts 1 and 
2
• MPN counts of 
nitrogen cycling 
bacteria analysed 
with chemical 
results
• High Total 
Phosphorus and PO4, 
determined by 
Palintest/Autoanalyser
• High levels of 
polyphosphate in 
stained samples
• High 
amounts of 
solids
• Foam/Scum
• Impact on 
denitrification assessed
• Heterotrophs counts 
may be indicative of 
adverse affects on 
system
• Assessment of 
protozoal populations
• Poor 
denitrification, high 
levels of TON or 
NH4 in system 
determined by 
Palintest/
Autoanalyser
• High 
observed 
MLSS
• Foam/Scum
• Flowchart 3, 
filamentous 
bacteria may be 
implicated
• Assessment of 
protozoal
populations
• High levels 
MLSS, low levels 
DO
• SVI may be 
affected if foam 
present
Poor Treatment of: BOD Solids
 
Figure 5.2 Flowchart describing pathway of assessment during periods of poor treatment 
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Turbid effluent 
associated with 
high Ammonia
Turbid effluent 
associated with 
high nitrate or 
nitrite
Competition from 
heterotrophs
Competition from 
filamentous 
bacteria
Detergent washout
Incomplete 
nitrification
Incomplete 
denitrification
Refer to 
denitrification table
Refer to laboratory 
questionnaire
MPN counts –
compare levels of Ns 
vs. Nb
MPN counts –
compare levels of 
nitrifiers vs. 
heterotrophs
Seek visual 
confirmation of 
detergent/biological 
foam
Possible solutions:
• Adjust MLSS/sludge age
• Washout unstable foam by 
flushing through system
• Tenacious foam will require 
scrubbing, as it attaches to 
biofilms which grow on the 
inside of the tank and 
associated pipes
Flowchart 1: Nitrification
 
Figure 5.3 Flowchart describing troubleshooting procedure for problems relating to nitrification 
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Turbid effluent 
associated with high 
nitrate or nitrite
‘Incomplete 
denitrification’; 
denitrification does 
not progress or 
starts to go 
‘backwards’.
No denitrification
Check location of 
denitrifiers in the 
system – compare 
MPN counts in Anoxic 
Zone and Clarifier
MPN counts –
compare levels of 
denitrifiers to periods 
of good treatment
Check BOD
Check 
DO levels in Anoxic 
Zone
Possible solutions:
• Increase BOD in main 
location of denitrifiers
• Adjust RAS rates
• Adjust DO in Anoxic Zone, 
decrease mixing turbulence
• Decrease BOD in main 
location of denitrifiers
• Stop VFA dosing
MPN counts for 
denitrifiers vs. 
heterotrophs
Flowchart 2: Denitrification
 
Figure 5.4 Flowchart describing troubleshooting procedure for problems relating to denitrification 
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6. Future Work 
 
6.1. Further Assessment of Biological Nutrient Removal by the 
BESST 
Operation of the BESST, particularly during steady state conditions requires further 
analysis, which will also allow for testing of the system under challenge in a more 
controlled manner. This would be achieved by first addressing the issues 
highlighted in this study and making slight alterations to the design of the system. 
Once ensuring an appropriately designed clarifier was installed, and the installation 
of a computer-based control system for DO and MLSS in the system, steady state 
would be easier to maintain. Another sustained monitoring effort, combined with 
the information and data already obtained by this study, would then be employed. 
High frequency sampling for a shorter period of time would negate the requirement 
for a two year sampling period. 
Once the steady state is fully characterised, it would then be possible to test 
relevant parameters to upper and lower limits, one at a time, with less interference 
from unforeseen disturbance to the system. The disruptive effects identified in this 
study are valid parameters to assess in this way – MLSS, SRT, dilute influent and 
carbon source dosing. 
Steady state of the system has been seen to relate strongly to the composition and 
variability of the influent entering the system, which reiterates the need for separate 
sampling efforts between systems. For this reason, the analysis of several BESSTs, 
in different locations, with different influents, would be ideal. This would provide 
192 
 
information for the operation of the specific system in question, as well as 
contributing to general knowledge regarding operation of systems of this type. 
6.2. Computer Modelling 
The data produced by this study, combined with further collection of data, could be 
combined into a software-based model of the system. This could be a simple 
executable file describing hydraulic characteristics of the system and the 
relationship with key variable in the system, or a more in-depth program. 
A comprehensive software model would require a more complete characterisation 
of the hydraulic characteristics of the BESST. Again, comparison of a number of 
systems would be the most viable way to perform such an analysis. Otherwise, data 
obtained from a smaller unit such as the one in this study, would have to be scaled 
up for a larger system, or vice versa. This would not be viable for a package system 
with such a reactive nature. 
Combined with the hydraulic characteristics, the physico-chemical analysis detailed 
in this study would be repeated and combined into the dataset. In addition, the 
nature of microbial growth kinetics and biochemical reactions would require 
complete interrogation in order to link physico-chemical information with 
transformation rates. 
6.3. Phosphorus Removal 
The extension of phosphorus removal trials in the BESST, performed under steady 
state conditions, is required. This would provide a representative demonstration of 
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the effect of dosing an additional source of carbon, on the metabolism of the 
bacterial populations in the system, and how this affects phosphorus in the system. 
Dosing regimes should be tested with regard to quantity of chemical addition, and 
also the type added. In this study, acetic acid was trialled as it is the most 
commonly used VFA for the encouragement of EBPR. However, a number of 
alternatives are available, including methanol and propionic acid. These should be 
analysed both separately, and in combination with one another. Switching of VFAs, 
for example, from acetic acid to propionic acid, over the course of a dosing regime 
has been shown to have an overall positive effect on the removal of phosphorus 
from activated sludge systems (Zhang, et al., 2007). 
Intensive analysis of the filamentous populations shown to be accumulating 
polyphosphate during this study would give considerable insight into the nature of 
EBPR in the BESST. This could be achieved by two experimental pathways. The 
first would be enrichment and manipulation of these microorganism in a system, in 
order to assess parameters leading to the uptake and release of polyphosphate. It is 
crucial that experiments such as these would be performed within a system as 
opposed to in a laboratory, in order to give an accurate representation of the actual 
biochemical processes taking place in the BESST. 
The second pathway is analysis of microbial populations performing luxury uptake  
in the system by molecular techniques. This would include full characterisation of 
the system before and after additional of acetic acid, for the purposes of 
comparison. This would also contribute to general knowledge regarding the 
community composition of polyphosphate-accumulating, and non-polyphosphate 
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accumulating populations. Changes to populations over time could be assessed 
simultaneously, using DGGE based examination. 
6.4. Monitoring of Microbial Populations 
Microbial populations monitoring in this system would be contributed to by an 
additional, intensive sampling effort (alongside further physico-chemical 
assessment), which would be performed in an effort to correlate culture-based data 
with molecular microbiological information.  
Such information could be manipulated to produce a calibration tool, linking MPN 
counts to standard changes in community composition, as assessed by DGGE gels. 
This would be used as an informative tool, for troubleshooting and analysis of poor 
system performance, as well as providing further knowledge regarding bacterial 
community composition in package systems. 
Further interrogation of bacterial communities contributing to nitrification, 
denitrification and phosphorus removal is required in particular. The presence and 
activity of ammonia-oxidising archaea and anammox bacteria is of great interest to 
the academic community, and also has implications for the operation of wastewater 
treatment systems. The anammox process, in particular, has shown great 
efficiencies in the treatment of high nitrogen, low carbon wastes (Third et al., 
2001). While this does not describe the nature of waste entering Petersfield WTW, 
it suggests that, should anammox communities be found in the BESST, this 
technology can be adjusted and applied to the treatment of different types of waste, 
for example, landfill leachate. 
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The presence and activity of denitrifying communities in the system can be more 
effectively analysed by first examining the presence and function of denitrification 
enzymes. This could be assessed in the BESST using activity assays, such as 
acetylene reduction techniques (Williams, 1993), or by using molecular techniques 
to identify the presence (by examination of extracted DNA) and function (by 
examination of extracted RNA and the transcriptome of the system) of specific 
bacterial genes, coding for denitrification enzymes. 
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7. Conclusions 
 
1. The BESST is able to reduce concentrations of ammoniacal nitrogen, 
biochemical oxygen demand and total suspended solids in municipal wastewater to 
an industry standard level. Over the course of the sampling period, assigned 
consent levels were not met consistently, and this was due to problems arising with 
mechanical failure, experimental disruption and unforeseen circumstance during 
treatment. 
2. The nature of the influent supplied by Petersfield Wastewater Treatment Works 
was highly variable with regard to influent concentrations of ammoniacal nitrogen, 
biochemical oxygen demand and total suspended solids, which contributed to the 
difficulties experienced in establishing experimental changes to the system. Influent 
variability contributed to effluent variability, and therefore final effluent quality. 
Influent concentrations of BOD and TSS were high compared to average UK 
wastewater concentrations. This was due to the time of day during which samples 
were taken, and possible contribution from sedimentation around the pump 
delivering waste to the BESST from the top of the WTW. 
3. Each area sampled from the system, the anoxic and aerobic zones, the clarifier, 
the influent and effluent, demonstrated a physico-chemical and microbial profile 
which was distinct from all other areas, apart from when the system was 
undergoing failure due to washout. This indicates that all areas of the system 
contribute in a different way to overall treatment efficiency. 
4. Removal of TSS from the influent was performed by the clarifier, which was 
comprised of three areas defined by different physico-chemical characterstics – the 
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bottom, middle and top. The angle of the clarifier installed in the Petersfield 
BESST was not suitable for this system, and contributed to the development of too 
high a sludge blanket. This was subsequently corrected for the design of newly 
commissioned systems. 
5. The DO and MLSS in the aerobic zone can be used as sewage control parameters 
for this system, but because of the sensitivity of the system to change, optimal 
performance would be achieved by a computer controlled-feedback system, used to 
adjust RAS rates in response to concentrations of DO in the aerobic zone. This 
would reduce the frequency of direct operator contact. 
6. The microbial population in the BESST was diverse, complex and changed in 
response to aspects of the system such as SRT. There was also clear indication of 
reduction in bacterial populations between the influent and the effluent, observed in 
DGGE gels. 
7. Evidence suggests that nitrification in the system was performed by functional 
groups of bacteria. However, it was not possible to identify any specific groups 
performing this function. The majority of the levels of total oxidised nitrogen 
(TON) observed in the BESST were present as a result of nitrification, and a larger 
proportion of TON was present as nitrate (NO3-). Populations of bacteria 
performing nitrification were a robust community, and maintained activity through 
most disruptive events. However, dilution of biomass in the system as a result of 
high rainfall and weak influent (i.e. when the system was fed with primary 
effluent), led to nitrification failure. 
8. The culture based methods used for the enumeration of bacteria worked well as a 
comparative tool between samples. Used in combination with regular, general 
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qualitative analysis of the system and physico-chemical assessments an invaluable 
familiarity with the system is established, which is necessary for the successful 
operation of one so sensitive.  
9. Molecular analysis of a system such as this is impractical for regular monitoring 
as part of a maintenance package, but is an effective resolving tool for the 
investigation of microbial community composition in the BESST. The practicality 
of techniques such as DGGE may be enhanced by the development of techniques to 
correlate molecular data with that obtained from culture based methodology. For 
example, by the application of a high frequency, sample intensive effort, it may be 
possible to correlate information obtained from MPN counts with DGGE analysis, 
and therefore produce a package of data for ‘calibration’ of MPN counts 
subsequently obtained without parallel molecular analyses. 
10. Specific functional communities of bacteria found in this system require further 
analysis, using higher resolution tools, in particular, DGGE and FISH. These tools 
are relatively low cost, but require expenditure of time for optimisation purposes 
and specific knowledge of molecular microbiological techniques.  
11. Failure of the pump delivering influent to the system resulted in either the short 
accumulation of large levels of solids in the system with a clean effluent, or the 
accumulation of solids with a very poor effluent. In this instance, poor effluent was 
also associated with the unusual presence of large quantities of grease, which 
exacerbated the problems already caused by pump failure. Accumulation of solids 
as a result of pump failure was attributed to the accumulation of sludge, as a result 
of dead biomass. 
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12. Air flow failure did not lead to unmanageable problems in the short term, but 
prolonged failure led to similar effects on the system as those seen for main pump 
failure. This was attributed to accumulation of sludge as a consequence of dead 
biomass. 
13. The dosing of acetic acid into the anoxic zone led to luxury uptake of 
polyphosphate, by filamentous populations which increased in quantity as a 
consequence of the additional carbon source. Therefore, the observed effect on 
phosphorus removal, which was positive overall, was associated with large 
quantities of bulking and foaming in the system, which led to operational difficulty, 
and was a difficult issue to solve. 
14. The adjustments to SRT did not produce conclusive results due to unrelated 
problems occurring at the same time as they were made. However, the drastic 
reduction of SRT instantly led to a stall in nitrification. 
15. It was not possible to draw conclusions regarding the effect of cold weather on 
the BESST. Disruption to treatment which occurred at the same time as winter 
periods was likely to have been responsible for the poor treatment observed. 
16. The application of multistage treatment processes to a package system presents 
a number of difficulties, all of which relate to its size. There is less room for error 
regarding operation control parameters, loading, and toxic occurrences. Because the 
area of biomass in the system is small, there is no ‘buffer’ zone which can 
accommodate problems such as these. However, the system displayed a degree of 
robustness, which suggests that once proper protocols are determined and adhered 
to, the BESST is a viable and resilient option for the treatment of a smaller waste 
flow. Such protocols can be established by an initial sustained sampling effort, 
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which would monitor physico-chemical and microbial variables to assess steady 
state characteristics and therefore suggest optimum control procedures. 
17. A dataset as large and varied as this requires extensive multivariate analyses 
and modelling, in order to realise the full potential of a study such as this. In this 
way, an initial sustained monitoring effort would contribute positively to the 
lifelong operation of a system. Employing a range of multidisciplinary techniques 
leads to the generation of a large amount of multi-faceted data, which, when 
suitably analysed and modeled, can be used to solve problems and enhance 
treatment performance. 
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Appendix A 
MPN values table for plate dilution frequency assay (Harris and 
Sommers, 1968): 
 
Positive responses in plates inoculated 
with 8 replicate 0.01 ml samples 
from 6 dilution levels 
 
 
Organisms per ml of suspension at dilution level 1a 
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6.842 
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11.801 
12.238 
12.705 
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15.038 
15.447 
15.884 
16.351 
16.861 
17.368 
17.834 
18.265 
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19.100 
19.537 
20.014 
20.529 
21.039 
21.513 
21.950 
22.373 
22.807 
23.288 
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24.364 
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MPN values for Test Tube MPN Assay (Cochrane, 1950): 
 
P1 
 
P2 
 
Most probable number for indicated values of P3 
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0 
1 
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- 
0.018 
0.037 
0.056 
0.075 
0.094 
 
0.020 
0.040 
0.061 
0.083 
0.11 
0.13 
 
0.045 
0.068 
0.093 
0.12 
0.15 
0.17 
 
0.078 
0.11 
0.14 
0.17 
0.21 
0.25 
 
0.13 
0.17 
0.22 
0.27 
0.34 
0.41 
 
0.23 
0.33 
0.49 
0.79 
1.3 
2.4 
 
0.018 
0.036 
0.055 
0.074 
0.094 
0.11 
 
0.040 
0.061 
0.082 
0.10 
0.13 
0.15 
 
0.068 
0.092 
0.12 
0.14 
0.17 
0.20 
 
0.11 
0.14 
0.17 
0.21 
0.24 
0.29 
 
0.17 
0.21 
0.26 
0.33 
0.40 
0.48 
 
0.31 
0.46 
0.70 
1.1 
1.7 
3.5 
 
0.036 
0.055 
0.074 
0.093 
0.11 
0.13 
 
0.060 
0.081 
0.10 
0.13 
0.15 
0.17 
 
0.091 
0.12 
0.14 
0.17 
0.20 
0.23 
 
0.13 
0.17 
0.20 
0.24 
0.28 
0.32 
 
0.21 
0.26 
0.32 
0.39 
0.47 
0.56 
 
0.43 
0.64 
0.95 
1.4 
2.2 
5.4 
 
0.054 
0.073 
0.092 
0.11 
0.13 
0.15 
 
0.080 
0.10 
0.12 
0.15 
0.17 
0.19 
 
0.12 
0.14 
0.17 
0.20 
0.23 
0.26 
 
0.16 
0.20 
0.24 
0.28 
0.32 
0.37 
 
0.25 
0.31 
0.38 
0.45 
0.54 
0.64 
 
0.58 
0.84 
1.2 
1.8 
2.8 
9.2 
 
0.072 
0.091 
0.11 
0.13 
0.15 
0.17 
 
0.10 
0.12 
0.15 
0.17 
0.19 
0.22 
 
0.14 
0.17 
0.19 
0.22 
0.25 
0.29 
 
0.20 
0.23 
0.27 
0.31 
0.36 
0.41 
 
0.30 
0.36 
0.44 
0.52 
0.62 
0.72 
 
0.76 
1.1 
1.5 
2.1 
13.5 
16.0 
 
0.090 
0.11 
0.13 
0.15 
0.17 
0.19 
 
0.12 
0.14 
0.17 
0.19 
0.22 
0.24 
 
0.16 
0.19 
0.22 
0.25 
0.28 
0.32 
 
0.23 
0.27 
0.31 
0.35 
0.40 
0.45 
 
0.36 
0.42 
0.50 
0.59 
0.60 
0.81 
 
0.95 
1.3 
1.8 
2.5 
4.3 
- 
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Lab Questionnaire: 
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Reagents used for Molecular Microbiology: 
1M Tris-HCl pH8 
Add 121.14g tris(hydroxymethyl)aminomethane (Tris) to 800mL distilled water 
Dissolve and add concentrated HCl pH8 reached (approximately 42mL) 
Make volume up to 1L with distilled water 
TE Buffer (10mM Tris-HCl, 1mM EDTA) 
Add 10mL of 1M Tris-HCl and 2mL of 0.5M ethylenediaminetetraacetic acid 
(EDTA) to 1L distilled water 
TAE Buffer (50x) 
2x CTAB Buffer 
Cetyl trimethylammonium 
bromide (CTAB) 
10g 
5M NaCl 140mL 
2M Tris-HCl, pH8 25mL 
0.5M EDTA 20mL 
Distilled water to 
500mL 
 
Reagents and PCR cycles used for PCR: 
Extensor Hi-Fidelity PCR Master Mix Buffer 1(ABgene): 
Deoxynucleoside triphosphates (dNTPs)  350µM 
Magnesium chloride (MgCl2) 2.25µM 
Total DNA polymerase 1.25U 
 
PCR Reaction Components (for a 20µl reaction volume): 
PCR Mastermix 12.5µl 
Template DNA 2.0µl (according to concentration – aim for 20-30ng) 
Forward primer 0.5µl 
Reverse primer 0.5µl 
Distilled water 9.5µl 
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PCR Programs: 
General PCR for 16S primers (8F/1492R): 
1. Initialisation 94ºC 5 minutes 
2. Denaturing 94ºC 30 seconds 
3. Annealing 61ºC 40 seconds 
4. Extension 72ºC 60 seconds 
5. Last Extension 72ºC 10mins 
Steps 2-5 30 cycles  
 
Strict program for PCRing 16S PCR products (8F/1492R): 
1. Initialisation 94ºC 5 minutes 
2. Denaturing 94ºC 15 seconds 
3. Annealing 61ºC 10 seconds 
4. Extension 72ºC 15 seconds 
5. Last Extension 72ºC 10mins 
Steps 2-5 20 cycles  
 
General PCR for V3 DGGE primers (P2/P3): 
1. Initialisation 94ºC 5 minutes 
2. Denaturing 94ºC 30 seconds 
3. Annealing 56ºC 40 seconds 
4. Extension 72ºC 60 seconds 
5. Last Extension 72ºC 10mins 
Steps 2-5 30 cycles  
 
Strict program for PCRing V3 DGGE primers (P2/P3): 
1. Initialisation 94ºC 5 minutes 
2. Denaturing 94ºC 15 seconds 
3. Annealing 56ºC 10 seconds 
4. Extension 72ºC 15 seconds 
5. Last Extension 72ºC 10mins 
Steps 2-5 20 cycles  
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Reagents used for casting 10% DGGE gels: 
0 % stock solution acrylamide 
25mL 40% acrylamide/Bis 37:5:1 
2mL 50x TAE buffer 
dH2O up to 100mL 
10% stock solution acrylamide 
25mL 40% acrylamide/Bis 37:5:1 
2mL 50x TAE buffer 
40mL formamide (deionised) 
42g Urea 
dH2O up to 100mL 
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Appendix B 
 
BESST Sampling Diary 
 DATE COMMENTS 
1 04.07.2006 Visibly very high solids in clarifier and aerobic zone 
2 26.07.2006 Pump failure, tank not working 
3 31.07.2006 Samples taken five days after installation of additional blower (trying 
to optimise control of DO) 
4 15.08.2006 Clarifier – visibly high sludge 
5 31.08.2006 Air decreased from RAS 
6 14.09.2006 Difficult to control DO as air flow meter not working properly 
7 26.09.2006 Tank desludged 
8 27.09.200 Tank desludged 
9 05.10.2006 Tank desludged 
10 10.10.2006 Tank desludged – still very hard to control DO 
11 12.10.2006 MLSS OK. Clarifier covered in sludge. Still very hard to control DO 
12 16.10.2006 MLSS nearly doubled in three days (!) 
13 17.10.2006 Clarifier worst ever. Half of the anoxic zone covered in sludge (it is 
fed by the RAS which is taken directly from the clarifier) 
14 19.10.2006 Tank desludged 
15 23.10.2006 WAS running for the first time 
16 31.10.2006 WAS stopped 
17 09.11.2006 Foaming in aerobic zone, sludge in clarifier. WAS not running 
18 23.11.2006 Clarifier completely clean, but tank not nitrifying 
19 28.11.2006 No foaming, clarifier clean. High DO. Lots of rain. 
20 14.12.2006 Turbid effluent 
21 19.12.2006 Tank is OK again 
22 22.12.2006 Small amount of sludge on clarifier, but floc is healthy 
23 02.01.2007 Very little floc in aerated zone. Pump unintentionally off over xmas. 
MLSS 532mg/L (!) – DO is extremely high 
24 04.01.2007 Tank not working. Pump switched to intermittent operation yesterday 
but failing to come on and off as scheduled 
25 05.01.2007 Unable to sample middle/bottom of clarifier – too much sludge. 
Intermittent flow is erratic 
26 09.01.2007 Total pump failure over the weekend. Tank is a mess 
27 16.01.2007 Pump not working. DO low. Dead sludge in clarifier 
28 23.01.2007 MLSS better but not good 
29 01.02.2007 Tank desludged. Pump not working due to being ragged up. Effluent 
turbid 
30 06.02.2007 Tank desludged 
31 13.02.2007 Tank much improved 
32 15.02.2007 Tank not full – problems with Southern Water pump 
33 20.02.2007 Effluent extremely clean 
34 27.02.2007 Pump failure overnight 
35 08.03.2007 Anoxic zone contains floc – looks very similar to aerobic zone 
36 13.03.2007 Grease balls floating on top of clarifier 
37 15.03.2007 Grease balls still present. Tank needs desludging, but won’t be done as 
pump will be switched off. Tank offline for 48 hours 
38 26.03.2007 Sampling at 9am 
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39 27.03.2007 Sampling at 8am 
40 28.03.2007 Sampling at 11am 
41 29.03.2007 Sampling at 10am 
42 30.03.2007 Sampling at 7am 
43 10.04.2007 Sludge in clarifier, greaseballs. 4 days unattended 
44 12.04.2007 Greaseballs in clarifier – high numbers protozoa 
45 17.04.2007 Aerobic zone not working, air supply disconnected. Effluent turbid 
and smell is terrible. Phosphorus removal trial starts 
46 19.04.2007 Lots of sludge and foaming – DO is ok. Too much acetic acid or 
system failure? Acetic acid switched off 
47 26.04.2007 Acetic acid restarted with same initial concentrations – small amount 
of solids in clarifier 
48 01.05.2007 Acetic acid stopped after mistake made with the tank on 27th 
49 03.05.2007 Acetic acid started, turbid effluent, solids in clarifier 
50 22.05.2007 Acetic acid stopped after three weeks 
51 24.05.2007 Automatic desludge started 
52 12.06.2007 Sludge blanket very high. Automatic desludge continued and manual 
desludge also from aerobic zone 
53 19.06.2007 Automatic desludge stopped. Large manual desludge to try and 
remove filamentous bacteria 
54 21.06.2007 Manual desludge and automatic desludge back on. Lots of sludge and 
foaming 
55 03.07.2007 Phosphorus removal restarted with 2.5mmol. Manual desludge from 
aerobic area due to lots of bulking in clarifier and foaming 
56 10.07.2007 Automatic desludge increased 
57 17.07.2007 Automatic desludge increased 
58 24.07.2007 SRT decreased to 5 days 
59 01.08.2007 Acetic acid dosing stopped. Turbid effluent – reduction in SRT? 
Foaming very bad – very low DO 
60 07.08.2007 Excellent phosphorus removal with no dosing – TP = 1.25. Automatic 
desludge set high to around 25 minutes 
61 13.08.2007 Automatic desludge failure 
62 15.08.2007 Very high incidence of filamentous bacteria in aerobic zone 
63 04.09.2007 Chocolate mousse on clarifier! 
64 09.10.2007 Tank decommissioned for 2 weeks to install anaerobic selector 
65 18.10.2007 SRT reduced to 1 day since 16th 
66 24.10.2007 System failure. Trying to solve by increasing SRT to 5 days. No 
MLSS, automatic sludge left off 
67 25.10.2007 Pump failure between anoxic and aerated zone 
68 31.01.2008 SRT set to 5 days for India trip 
69 14.02.2008 SRT increased to 8-9 days 
70 19.02.2008 SRT reduced to 5 days 
71 21.02.2008 Pump failure 
72 28.02.2008 Tank fed with primary effluent while waiting for pump to be fixed 
73 20.03.2008 New pump installed, no more primary effluent 
74 03.04.2008 Anoxic/anaerobic pump switched off 
 
